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ABSTRACT 
Effects of water chemistry and catchment afforestation on benthic 
invertebrates were investigated in acid brownwater and circumneutral 
clearwater streams in Westland, South Island, New Zealand. Annual 
dissolved organic carbon (DOC) budgets calculated for three North Westland 
wetland catchments (zero, two and five years post-afforestation) showed that 
forestry development resulted in a reduction of DOC export by up to 24 % 
and that recovery of DOC dynamics was linked -to the time elapsed since 
the onset of development. The presence of high DOC concentrations in 
stream water (up to 41 g.m-3) resulted in lowering of pH to about 4.0. 
These highly acidic waters also contained high concentrations of dissolved 
aluminium, but only a small proportion « 80 mg.m- 3) was in the toxic 
labile (inorganic) monomeric form. 
Surveys of 29 North Westland streams indicated that benthic 
invertebrate distributions were not affected by pH above about 4.5, but high 
summer water temperatures in streams whose catchments had been cleared 
of native forest appeared to limit the distributions of some taxa. Benthic 
invertebrate communities in two brownwater and two clearwater streams in 
South Westland monitored for 12 months had similar taxonomic compositions, 
but overall, densities were 2.4-4.8 times higher at the clearwater sites. 
Annual production of Delealidill11l spp. (Ephemeroptera) larvae, the dominant 
insect in all four South Westland streams, was similar at three of the sites 
but was 2.7-4.2 times higher at the fourth site where streambed stability was 
greatest and flow and temperature regimes were lcast variable. 
Studies of epilithon in the South Westland streams indicated that 
brownwater and clearwater sites had distinctive algal communities and that 
considerably more abiotically adsorbed (non-cellular) DOC was present on 
stones in brown water streams. In addition, microbial conditioning of 
allochthonous leaf litter was much slower at the brownwater sites, and both 
leaves and epilithon from these streams appeared to represent low quality 
food sources for invertebrates. The results of this study suggest that 
physiological mechanisms are not important in determining the distributions 
of benthic invertebrates among the Westland streams examined, but that 
absolute and relative abundances may be affected by the quality or quantity 
of food, conditions that are directly or indirectly related to low pH. 
CHAPTER 1 
CONSPECTUS 
Brownwater streams and rivers are found in biomes as diverse as the 
tropical Amazon basin (Janzen, 1974) and subarctic eastern Canada (Moore, 
1987a). Many of them originate in peatlands which cover 3 % of the 
1 
earth's land surface (Kivinen & Parkarinen, 1981; cited in Clymo, 1984) 
including 150 million ha in Canada, 60 million ha in the United States and 
150 million ha in Russia (Gorham et al., 1984). Janzen (1974) found that, 
as well as flowing from peat swamps, many "blackwater" streams and rivers 
10 South America, Asia and Central Africa also drain sandy, podzolised soils 
which cover about 4475 million ha in the tropics. 
The colour of brown water is caused principally by dissolved organic 
carbon (DOC) which becomes visible at concentrations greater than about 5 
g.m-3 (Malcolm, 1985). Indeed, strong relationships between water colour 
(absorbance) and DOC concentration have been demonstrated by many 
workers (e.g., Lewis & Canfield, 1977; Grieve, 1985; Moore, 1985; Collier, 
1987a,b). Most streams and rivers have DOC concentrations in the range 1-10 
g.m-3, but they can be much higher in wetlands (Thurman, 1985). McKnight 
et al. (1985) recorded DOC concentrations in the range 24 to 62 g.m-3 in 
Thoreau's Bog, Massachusetts, whereas Thurman (1985) reported a maximum 
value of 400 g.m-3 in Great Heath, Maine, the largest Sphagnum bog in the 
United States. 
Composition of DOC 
Research into the nature of aquatic DOC developed slowly until the 
1970s when its ubiquity and importance in geochemical reactions and water 
quality was appreciated. A synthesis of early work by Gjessing (1976) has 
been superseded by the excellent publications of Thurman (1985) and Aiken 
et al. (1985). Unless otherwise stated, all material in this and the following 
section comes from these two sources. 
The operational definition of DOC is organic material which passes 
through a 0.45 Jim filter, an arbitrary yet convenient and repeatable cutoff 
point along a continuum of organic particle sizes. There are at least twelve 
major functional groups associated with natural organic matter (e.g., 
carboxylic, hydroxyl, phenolic) and they play an important role in many of 
the geochemical reactions associated with DOC (discussed later). Only about 
20-25 % of DOC consists of identifiable compounds which include 
carbohydrates (-10 %), carboxylic acids (-7 %), amino acids (-3 %) and 
hydrocarbons (-1 %) (Fig. 1.1.). Aquatic carboxylic acids consist primarily 
of nonvolatile fatty acids whereas carbohydrates are composed mostly of 
polysaccharides and humic-saccharides. 
2 
Hydrophilic acids comprise about 25-30 % of total DOC in most waters 
(Fig. 1.1.), and are defined functionally as dissolved organic material which 
is not retained by. XAD resin at pH 2. Their composition is not known but 
some workers speculate that this fraction includes sugar acids such as the 
uronic, aldonic and polyuronic acids. McKnight el al. (1985) suggested that 
hydrophilic acids include intermediate products in the degradation of 
organic matter to C02 or fulvic acid. 
The proportion of DOC which sorbs to XAD resin at pH 2, the 
so-called humic substances, accounts for around 50 % of total DOC in most 
streams and rivers (Fig. 1.1.), and up to 90 % in some brown waters. About 
90 % of aquatic humic substances are fulvic acids and 10 % are humic 
acids, although the proportion represented by the former decreases in 
organically-coloured waters. Separation of fulvic and humic acids is 
achieved by adjusting humic substance concentrates (> 500 g.m-3) to pH 1 at 
which point humic acids precipitate out and fulvic acids remain in solution. 
o 10 20 30 40 50 60 
Fulvlc IIcld 
Humic Rcld 
Hydrophilic IIcld 
70 60 110 100 " 
Humic 
subslanClIs 
F~gure 1.1. Proporltons of dtssolved or~antc carbon fracltons tn an 
"average" rtver waler sample wtlh 5 g.m- DOC (from Thurman, 1985). 
3 
Visser (1984) found that because aquatic humic acids are coloured 
more intensely than fulvic acids, they contributed over 30 % of the colour 
but only 15 % of total dissolved organic matter to lake, swamp, stream and 
river water samples from Quebec, Canada. Humic acids tend to be larger 
(molecular weight (mwt) > 2000) than fulvic acids (-800-2000 mwt), and 
sometimes they are associated with clay minerals or amorphous oxides of 
aluminium and iron. Meyer (1986) found that over half the DOC in Black 
Creek and Ogeechee River, Georgia, U.S.A., was of intermediate molecular 
weight (1000-10000), and similar findings were reported by Moore (1987a) 
for DOC in Canadian peatland waters. 
Sources of DOC 
The origin of the DOC present in fresh waters may have several 
sources. They incude: 
1) leaching of plant organic matter directly in to the wa ter; 
2) leaching of plant organic matter through the soil profile where it is 
altered chemically and biochemically before entering a stream; 
3) leaching of soil fulvic and humic acids (Le., from soil organic matter) 
into the water; 
4) in-stream biological activity such as algal lysis or excretion by 
invertebrates; 
5) in-stream humification whereby simple reactive compounds are 
polymerised and condensed into aquatic humic substances. 
The relative contributions of these processes undoubtedly varies 
depending on the source of water and the time of year. Although soil 
organic matter probably contributes some DOC to streams, leachates from 
plant material are also believed to be important. During rainfall, organic 
substances that are leached from living vegetation and decomposing plant 
litter are flushed into soil interstices. About half this material consists of 
labile compounds (principally carbohydrates) most of which are oxidised or 
metabolised rapidly in the upper layers of the soil. The remaining 50 % 
consists of small, yellow-coloured organic acids comparable to aquatic fulvic 
acids. They may enter a stream via groundwater, bank flow or by flushing 
during rainfall events, although some may be metabolised by soil microbes 
or adsorbed onto mineral particles. The la tter process was shown to be 
important in a New Hampshire podzol where about 90 % of DOC in 
drainage water was removed in the B horizon, so that DOC concentrations 
in streams were only 2-3 g.m-3 (McDowell & Wood, 1984). Meyer (1986) 
found higher DOC concentrations in interstitial water of benthic sediments 
than in the overlying water column of Ogeechee River, and suggested that 
leaching of buried particulate organic matter was another potential source 
of DOC, whereas Naiman et al. (1987) implicated groundwater as a major 
source of DOC in boreal forest, brownwater streams in Quebec, Canada. 
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In some wetlands, plant leachates may be the dominant sources of 
DOC, particularly where emergent plants are common. Thus, McKnight et al. 
(1985) concluded that upper layers of Sphagnum and humified peat were the 
major sites of DOC production in Thoreau's Bog. Sphagnum may also be an 
important source of some hydrophilic acids because it contains 10-30 % (dry 
weight) uronic acid polymers (Clymo, 1984). Mulholland (1981) suggested 
that, although autochthonous sources (principally filamentous algae) 
comprised only 4 % of the total organic carbon input to a North Carolina 
swamp-stream ecosystem, they may have been important sources of DOC for 
stream heterotrophs in early spring when fresh leaf inputs were low and 
water temperatures were rising. 
Labile organic compounds such as those released as algal exudates or 
through cell lysis (e.g., amino acids, simple sugars) are thought to be in a 
constant state of flux in freshwater systems. These labile compounds have 
"lifetimes" of a few seconds to several hours whereas larger, more complex 
substances that are resistant to microbial breakdown probably have 
"lifetimes" of months or longer. Meyer et al. (1987) showed that growth 
rates of planktonic bacteria were greatest on the low molecular weight « 
1000) fraction of DOC from Ogeechee River and lowest on DOC in the 
molecular weight range 1000 to 10000. These bacteria converted total DOC 
to biomass with an efficiency of 31 % compared with the 20 % reported by 
Tranvik & Hofle (1987) for bacteria incubated in clear and brown lake 
waters. 
Properties of brownwater habitats 
High concentrations of DOC can impart several physical and chemical 
characteristics to aquatic ecosystems that are not found in clear (low DOC) 
waters. Perhaps the most obvious of these is the darkly-stained water 
which can reduce penetration of photosynthetically available radiation and 
inhibit production of benthic macrophytes and algae. Janzen (1974) suggested 
that this may be one reason for low productivity of many tropical, 
"blackwater" rivers. Edwards & Meyer (1987) detected a negative correlation 
between DOC concentration and gross primary production in Ogeechee River 
and implicated absorption of light by humic substances as a factor limiting 
light penetration. Otto & Svensson (1983) reached the same conclusion after 
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discovering that only light of longer wavelengths (640 nm) reached the 
bottom of brownwater streams (0.2 m deep) in southern Sweden. Similarly, 
Bowling et al. (1986) found almost complete extinction of light in the blue 
waveband (-450 nm) in the first meter of water in highly-coloured lakes in 
Tasmania, Australia. 
Nutrient and trace element limitation may be another reason for low 
productivity in some coloured waters (Janzen, 1974). However, Edwards & 
Meyer (1987) discounted this as a reason for low primary production in 
Ogeechee River where nutrient concentrations were "not unusually low". 
Verry (1975) calculated nutrient yields from some peatland catchments in 
Minnesota, U.S.A., and found that, although quite low, annual yields were 
remarkably similar to those for deciduous and coniferous forest catchments 
in other parts of North America. Nevertheless, DOC is known to form 
highly stable complexes with important nutrients and trace elements, and as 
a result their biological availability can be limited (McKnight, 1981; Stewart 
& Wetzel, 1981; Anderson & Morel, 1982). 
Dissolved humic substances can also regulate the toxicity of some 
metals by the formation of metallo-organic complexes (Reuter & Perdue, 
1977; Hart, 1981). Complexation occurs principally with carboxylic and 
phenolic functional groups of humic substances (1000-10000 mwt), and rate 
and degree of complexation depend on many factors including humic 
substance concentration and origin, ionic strength, temperature and pH 
(Hart, 1981; Malcolm, 1985; Thurman, 1985). To give one example, Reuter 
& Perdue (1977) found that at fulvic acid concentrations of 1 g.m-3, only 8 
% of Cu(II) was complexed, whereas almost 50 % formed complexes at 10 
g.m-3 fulvic acid. 
Waterlogged soils and plant communities of wetlands can bind elements 
by cation exchange with hydrogen ions which are released into the water 
column (Thurman, 1985). This, along with the accumulation of organic 
acids in humic waters inevitably results in low pH. Indeed, organic acids 
are the main buffers of brown waters in the pH range 3 to 5 (Thurman, 
1985). Freedman & Clair (1987) reported pH values of 4.6 to 5.6 for some 
brownwater streams (5.6-14.1 g.m-3 DOC) in Nova Scotia, Canada, but 
similar coloured streams in Alberta have pH minima of 7.0 (Clifford, 1978; 
McElhone et al., 1987) because they flow over extensive calcereous deposits 
(McElhone & Davies, 1983). Clymo (1984) noted that Sphagnum bog waters 
typically have a pH around 4.0, whereas Patrick et al. (1979) reported a 
minimum pH of 3.6 for brownwater streams draining cedar and Sphagnum 
wetlands in the New Jersey Pine Barrens. 
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High acidity can affect the distribution, density and diversity of 
aquatic biota at all trophic levels (Dillon et al., 1984 and references 
therein). Effects on fish populations have been detected when pH declines 
below 6.0-6.5, and most fish species and many groups of benthic 
invertebrates are often absent from waters that average pH 4.9 or less 
(Magnuson et al., 1984). The reasons for depauperate fish and invertebrate 
faunas in acid waters are not well understood but are thought to include 
disturbance of ion regulatory mechanisms and calcium metabolism, metal 
toxicity and changes in the availability and quality of food. Janzen (1974) 
suggested that the phenolic nature of humic substances may be toxic to 
aquatic organisms by affecting gaseous exchange through the formation of 
insoluble protein complexes on respiratory surfaces. Toxicity of phenolics 
was also implicated by Saber & Dunson (1978) who found high mortalities 
of brook trout embryos (Sall'elinus jOlltillalis) kept in neutralised bog water. 
Faunas of brown water streams and rivers 
Although acid brownwater streams and rivers support a wide range of 
aquatic organisms, they are generally considered to have depauperate faunas 
compared with unpolluted, circumneutral clearwater habitats. For example, 
of 70 species of native freshwater fishes recorded from New Jersey, only 16 
are known to inhabit brown waters of the Pine Barrens area (Hastings, 
1979). Invertebrate faunas of brownwater streams have not been studied 
widely, but much of the work that has been done suggests that they too are 
impoverished. An early observation to this effect was made in 1925 by 
N.Y. Sandwith (cited in Janzen, 1974) when he and his party "took their 
famous shortcut down the "black" or coffee-coloured, mosquito-less rivers 
past Javita .... The return journey was made up the "white" Rio Casiquiare, 
which connects the Rio Negro with the Orinoco, and is remarkable for the 
wilderness of its banks and the blood-thirstyness oj its mosquitoes" (my 
italics). Jones (1948) studied stony, brownwater and clearwater streams in 
south Wales and found that the most acidic (pH 4.2-5.8), brownwater site 
was colonised by only 55 invertebrate taxa whereas 130 were taken from a 
nearby clearwater stream with circumneutral pH. More recently, Otto & 
Svensson (1983) surveyed faunas of brownwater streams in southern Sweden 
and found a positive correlation between water pH and the number of 
invertebrate species present. 
Faunal studies in North America have focussed principally on 
invertebrate production and trophic pathways in "blackwater" streams and 
rivers on the coastal plains of Georgia and South Carolina (Benke et al., 
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1984; Smock el al., 1985; Smock & Roeding, 1986; Wallace el al., 1987). 
These waterways have predominantly sandy or muddy beds and woody snags 
often provide the. principal stable substrata for invertebrate colonisation. 
Annual production on snags in these rivers can be very high (up to 67.1 
g.m- 2) and is often dominated by filter feeders and other collector-gatherers 
which feed mainly on fine particulate organic matter. In contrast, 
invertebrate faunas are less diverse in slow-flowing, brownwater streams of 
the New Jersey Pine Barrens where few caddisflies, stoneflies or mayflies 
were reported by Patrick el al. (1979). 
To my knowledge, the only other major studies of brown water stream 
invertebrate faunas ha ve been carried out in Canada. McDowell & Naiman 
(1986) investigated the effects of beaver impoundments on benthic 
invertebrate communities in several brownwater streams (pH 4.8-7.2) of 
north-eastern Quebec. Non-impounded sites were dominated by Simuliidae, 
ehironomids, scraping mayflies and net-spinning caddisflies. McElhone & 
Davies (1983) and McElhone el al. (1987) studied abundances and 
microhabitat distribution of Trichoptera in Hartley Creek, Alberta, while 
Clifford (1978 and references therein) spent over ten years investigating the 
life histories and general ecology of invertebrates in nearby Bigoray River. 
The brownwater streams studied by Clifford and McElhone and co-workers 
both had pH > 7, and in Bigoray River at least 189 insect ,species were 
collected including 109 Chironomidae, 39 Coleoptera, 19 Ephemeroptera and 
16 Trichoptera. This is more than the 120 insect species collected by 
Mackay (1969) in four forested, circumneutral clearwater stream sites in 
Quebec. 
New Zealand brownwater streams 
In New Zealand, brownwater streams occur predominantly on the west 
coast of South Island and many drain wetland areas known as pakihis - "a 
swampy acidic barren type of land" (Hulme, 1984). Until recently, very little 
work had been done on the chemistry or biology of these streams, but the 
last few years have seen an acceleration of research. Spectral properties of 
a range of West Coast brownwater and clearwater sites were investigated by 
Collier (l987a,b; Appendices I and II), and Moore (in press) included a 
pakihi stream in his study of absorbance characteristics of several North 
Westland waters. Moore (1987b) included the same stream in a concurrent 
study of DOC fluxes in wetland and afforested catchments in North 
Westland. 
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Ecological studies of West Coast brownwater streams have been 
concerned largely with the distribution of fish (McDowell et al., 1977; Main 
et al., 1985) and the annual migrations of commercially important whitebait 
species (McDowell & Eldon, 1980). Main et al. (1985) observed that koaro 
(Galaxias brevipi1l1lis) apparently avoided brownwater tributaries but that 
banded kokopu (G. fasciatus) was common in such waters. The hypothesis 
that the former species is sensitive to low pH was confirmed in subsequent 
experimental and field work in which Main (1987) also investigated diets of 
several galaxiid species (see also Main & Winterbourn, 1987 and Main & 
Lyon, in press). 
The only published studies of benthic invertebrate ecology in New 
Zealand brown water streams are those of Graesser (in press), Winterbourn et 
al. (in press) and Winter bourn & Collier (1987). Graesser (in press) 
investigated invertebrate drift in three brown water streams in South 
Westland and found that drift densities were low « 0.0 I % of benthic 
invertebrate numbers) but increased as stream discharge dropped. 
Winterbourn et al. (in press; Appendix III) reviewed ecological studies being 
carried out in seven small streams with pH and DOC ranges of 4.3-8.0 and 
0.3-16.3 g.m-3, respectively. They could not distinguish consistent temporal 
or spatial patterns in community structure or productivity among streams, 
and concluded that this was because of the highly variable and 
unpredictable discharge regimes that characterised most sites. Winterbourn 
& Collier (1987; Appendix IV) conducted a survey of water chemistry and 
benthic invertebrate distribution in a large number of West Coast streams 
and rivers. They found that species composition and taxonomic richness of 
invertebrate communities was not correlated with water pH (range 3.5-8.1) or 
any other measured chemical parameter (DOC, conductivity, alkalinity or 
total reactive aluminium), and that many taxa occurred over a very wide 
pH range down to a lower limit of about pH 4.5. Furthermore, sites in 
close proximity tended to have similar faunas suggesting that the pool of 
available colonists rather than immediate pysicochcmical factors was the 
prime determinant of species richness at a particular locality. 
Rationale for the present study 
The effects of low pH on aquatic ecosystems have been of increasing 
concern to biologists in recent years with the acidification of many 
Northern Hemisphere surface waters by acid rain. Research in this field 
has resulted in an ever-expanding literature (see Haines, 1981 and Dillon et 
al., 1984 for reviews), and has demonstrated pH-related changes in benthic 
communities at all trophic levels. However, the causes of all changes have 
not been resolved satisfactorily; some workers have suggested that 
physiological mechanisms are most important (e.g., Hall et al., 1980; Allard 
& Moreau, 1987; Ormerod et al., 1987), and others that changes in food or 
energy supplies may be the main causal factors (Sutcliffe & Carrick, 1973; 
Otto & Svensson, 1983). Concern has been expressed also about the 
deleterious effects of elevated aluminium concentrations in acidified waters 
(Baker & Schofield, 1982; Odonnell et al., 1984), and Hall et al. (1987) 
suggested that fluctuating aluminium concentrations at pHs that are not 
normally detrimental may be primarily responsible for altering the biology 
of poorly-buffered, aquatic ecosystems. 
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Considering the intensity of interest in acid streams, and the 
cosmopolitan distribution of naturally acidic waters, it is surprising that few 
workers have examined the effects of low pH on benthic communities in 
brown water streams. Exceptions are Jones (1948) in south Wales, Otto & 
Svensson (1983) in southern Sweden, and Mackay & Kersey (1985) who 
included some brownwater sites in their study of leaf breakdown and 
invertebrate communities in acidified Canadian streams. However, the 
streams studied by all these workers are in areas influenced by acid 
precipitation and it is unclear to what extent this was affecting the sites. 
Acid rain is not a problem in New Zealand where rainwater pH is 
around 5.6 and sulphur deposition is about forty times less than on the 
worst affected areas of Europe (Holden & Clarkson, 1986). The numerous 
acid brownwater streams in Westland, uninfluenced by acid precipitation, 
provide an excellent opportunity to investigate relationships between 
physicochemical factors (particularly pH, DOC and aluminium), and the 
distribution, population dynamics and trophic resources of benthic 
invertebrates. Also, because about half of recent pine forest plantings in 
Westland have been on pakihis (N.Z. Forest Service, 1984), the effects of 
afforestation on sources of acidity (principally DOC) and benthic 
invertebrates are of interest. Northern Hemisphere work has indicated that 
afforestation may increase streamwater acidity through the removal of soil 
base cations which are exported from the catchment after clear-felling, and 
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through trees collecting acidic, airborne pollutants which eventually are 
transported to drainage wa ters. The rela ti ve con tri bu tion of these processes 
remains a moot point, however (e.g., Rosenqvist, 1978; Harriman & Morrison, 
1982; Ormerod & Edwards, 1985) and was the subject of a recent paper by 
Flower et al. (l987) who concluded that acid deposition was the most 
probable cause of acidification in some Scottish lakes draining afforested 
ca tchmen ts. 
Specific questions asked in the present study were: 
1) What are the sources and fluxes of DOC in pakihi streams and what 
effect does afforestation have on them? 
2) What chemical parameters are characteristic of brownwater streams? 
3) What effects do these parameters have on the distribution of benthic 
invertebrates in localised areas and how is this influenced by 
afforestation? 
4) Are invertebrate communities less productive in undisturbed brownwater 
streams than at circumneutral clearwater sites? 
5) Is the quality and quantity of available food different in brownwater 
and clearwater streams? 
6) How does ecosystem structure and function in acidic Westland streams 
differ from that in Northern Hemisphere streams acidified by acid 
rain? 
These questions are addressed in the following chapters. Chapter 3 
presents DOC budgets calculated for three pakihi streams, two of which had 
been developed for forestry. This is followed by an investigation of the 
inter-relationships between physicochemical parameters at a range of stream 
sites (brownwater or clearwater, developed for forestry or undeveloped) in 
North and South Westland. Benthic invertebrate distributions in the same 
North Westland streams are examined in Chapter 5. Because Winterbourn & 
Collier (1987) found that invertebrate community composition was influenced 
by geographic factors, this part of the study was limited to stream 
communities within a confined locality. Chapter 6 describes population 
dynamics of benthic invertebrates in two brownwater and two clearwater 
streams in South Westland, and presents annual production estimates for 
Deleatidillnl (Ephemeroptera), the most abundant insect at the four sites. 
The gut contents of selected invertebrate taxa are also considered in this 
chapter. More intensive research into the nature of food resources available 
to benthic invertebrates in these streams is presented in Chapters 7 and 8. 
The former considers the nature of epilithic communities and presents 
results of feeding experiments with Deleatidillnl larvae. Chapter 8 describes 
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the relative contributions of micro flora and invertebrates to allochthonous 
leaf litter breakdown in four South Westland streams and discusses the 
palatability of leaves from different streams to a large-particle detritivore. 
Major findings are synthesised in Chapter 9 and are contrasted with results 
obtained in Northern Hemisphere studies of anthropogenically acidified 
streams. Finally, six appendices present the results of several published and 
unpublished studies including collaborative work which complement the 
thesis research. 
CHAPTER 2 
STUDY AREA 
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2.1. THE WESTLAND REGION 
2.1.1. Physical Description 
Westland is a narrow strip of land extending for 400 km down the 
west coast of South Island, New Zealand (Fig. 2.1.). It is divided 
conveniently into southern and northern regions by Taramakau River which 
bisects Westland 16 km south of Greymouth. 
Two powerful processes have moulded the present day landscape of the 
area (Wardle, 1979): 
I) movements of the earth's crust along the Alpine Fault; 
2) erosion and deposition by glaciers and rivers. 
The Alpine Fault runs approximately parallel to the coast and is 
visible as a sharp dip in the ranges which then merge into low saddles or 
alluvial fans (Gibbs et al., 1950). Crustal movements have displaced rock 
strata horizontally by 450 km and caused vertical uplift of rocks on both 
sides of the fault by about 18000 m (Wardle, 1979). This vertical movement 
has formed the steep outer ranges of the Southern Alps which dominate the 
region in the east. 
Erosion has almost kept pace with uplift and has limited the maximum 
height of the Alps to 3764 m above sea level (asl). Extensive glaciations 
during the Quaternary Era were the most powerful erosive force, depositing 
spoil on the lowlands in the form of huge moraines (Wardle, 1979). 
Deposition during glacial advances alternated with interglacial fluvial 
activity and has resulted in a lowland landscape of hills and terraces with 
numerous lakes formed in depressions or behind morainic dams. North of 
Greymouth (Fig. 2.1.), some high ranges (most notably the Paparoas) extend 
almost to the coast and a number of fluvio-glacial terrace systems have 
formed inland of these (N.Z. Soil Bureau, 1968). 
Glaciers currently are confined to the mountains and feed the head 
waters of some of the large rivers which traverse the lowlands through 
broad flood-plains. In many of the rivers, channel velocities are high and 
suspended sediment yields per annum are about ten times greater than world 
average rates for mountainous areas (Griffiths, 1979). Along the coast, 
truncated or jutting glacial moraine headlands, broad beaches and coastal 
lagoons are typical features. 
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Figure 2.1. The Weslland sludy region. Shaded areas represenl 
pakihis. I. larry River pakihij 2. Cralgieburn pakihij 3. Okarilo 
paklhl. (Adapted from N.l. Town & Country P1annlng Branch, 1959). 
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2.1.2. Geology 
The Southern A.lps are composed mainly of schist which grades into 
greywacke (hardened sandstone) and argillite (Warren, 1967). These rocks 
were formed from strongly indurated and metamorphosed sedimentary 
material laid down mostly in the Permian and Triassic periods, and were 
uplifted sometime in the Mesozoic Era. West of the Alpine Fault and north 
of Greymouth, mountain ranges are formed from Tertiary sandstones and 
limestones, Paleozoic granites and gneiss, and Precambrian greywackes (N.Z. 
Soil Bureau, 1968). 
On the southern lowlands, bedrock is composed largely of granite and 
greywacke, but most of this has been buried under recent (14000 years old) 
glacial outwash gravel and deposits of till (Warren, 1967; Wardle, 1979). 
Early Pleistocene glaciations in North Westland deposited sediments of 
coarse, weathered conglomerate (Old Man gravels) which now form terraces 
around 300-600 m higher than adjacent valley floors. 
2.1.3. Climate 
The climate of Westland is humid and mild, and is characterised by 
high annual rainfall which generally increases from north to south and 
from the coast towards the axial range (N.Z. Town & Country Planning 
Branch, 1959). In South Westland, annual rainfall is about 350 cm on the 
coast, but increases to around 500 cm at the foot of the ranges and 
probably reaches 1000 cm in places amongst them (Wardle, 1979). Highest 
rainfall in North Westland occurs on the Paparoa Range (up to 500 cm p.a.), 
but in the rest of the northern region annual rainfall averages less than 375 
cm (N.Z. Town & Country Planning Branch, 1959). Rain often occurs as 
intense falls which are distributed quite evenly throughout the year, 
although spring and summer are generally the wettest seasons. 
Lowland temperatures are relatively mild, although severe winter frosts 
are experienced in some valleys. The average annual temperature for 
coastal regions is around 120 C, bu t temperatures are lower in the high 
country and permanent snow cover can occur down to 1500 m (N.Z. Town 
& Country Planning Branch, 1959; Wardle, 1979). Average relative humidity 
ranges from 79 % to 86 % and is highest in winter. The number of 
sunshine hours per annum averages 1840 at Hokitika (35 km south of 
Greymouth) with maximum daylength of 15 hours in summer and the 
15 
minimum, 9 hours in winter. 
2.1.4. Soils 
High rainfall has contributed to severe leaching of most Westland soils 
and podzolisation is often well advanced. Podzols are characterised by 
thick surface horizons of mor humus (a fibrous blanket of organic matter 
low in nutrients), subsurface bleaching, and subsoil accumulations of iron 
and humus (N.Z. Soil Bureau, 1968). 
Steepland soils occupy over 80 % of the region. They are mostly 
steepland podzols and podzolised yellow-brown earths (Otira-Wakamaramara 
soils) and gley podzols (McKerrow soils). The former are found on steep to 
very steep slopes from near the coast to the main axial range, whereas 
McKerrow soils occur higher in the mountains (N.Z. Soil Bureau, 1968). 
Most terrace soils south of Westport are in tensely-leached gley podzols 
(Okarito soils) which are often waterlogged because of poor structure and 
impervious subsoil pans (N.Z. Soil Bureau, 1968). Some terraces exhibit a 
mosaic of soil types with widely different profiles, fertility and drainage 
characteristics (Cha vasse, 1962). The matrix includes acid bogs with peaty 
soils on silts, sand or gravel (Kini soils) and on undulating and rolling 
surfaces, Waiuta soils which have thin, loamy topsoils and subsoils resting 
on thin iron pans. 
Unpodzolised yellow-brown earths (Ahaura and Arahura soils) have 
developed on some terrace and hilly areas where drainage is sufficient to 
allow decomposition of surface organic matter (N.Z. Soil Bureau, 1968). 
Recent soils (Hokitika-Ikamatua series) and gley-recent intergrades 
(Harihari-Karangarua soils) are distributed widely on low terraces and 
flood-plains of the major rivers. The latter are imperfectly- to 
poorly-drained whereas recent soils are free-draining (N.Z. Soil Bureau, 
1968). 
2.1.5. Vegetation 
The vegetation of Westland is characterised by a distinct succession of 
forest types from river valley to steepland slopes (Chavasse, 1962). The 
upper limit of forest and scrub is about 900 m asl in the south and 1350 m 
in the north. Above these altitudes, subalpine scrub and tussock grassland 
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occur to the permanent snowline (~ 1500 m asl). The tract of land between 
the Taramakau River and Paringa River (Fig. 2.1.) is covered mostly by 
podocarp-broadleaf forest, but elsewhere forests are mainly mixed beech and 
beech-podocarp (N.Z. Soil Bureau, 1968). 
Steepland and hill forests of the podocarp-broadleaf type consist mostly 
of rata (Metrosideros umbel/ata), rimu (Dacl'ydium cupressinum) and miro 
(Prunmopitys /erruginea) with kamahi (Weinmallnia racemosa) as the main 
su b-canopy tree (Cha vasse, 1962). Flat or gently-rolling terrace country 
supports dense rimu forest with an admixture of miro and kahikatea 
(Dacl'ycarpus dacrydioides). Terrace forests may also contain silver pine 
(Lagrostrobos colensoi), totara (Podocarpus totara) and kaika waka 
(Libocedrus bidwillii), and have understories which include quintinia 
(Quilltillia acuti/olia) and kamahi. Well-drained flood-plains are typically 
colonised by to tara and matai (Prunmopitys taxi/olia) with kahikatea present 
on alluvium or wetter flood-plains (Chavasse, 1962). In North Westland and 
south of the Paringa River, similar types of forest are found, but 
superimposed on them are the migration patterns of four incoming beech 
species (Holloway, 1954). Red beech (Notho/agus /usca), black beech (N. 
solalldri var. solalldri) and silver beech (N. menzies;;) are common below 600 
m asl, and mountain beech (N. solalldri var. cli//ortioides) occurs at higher 
altitudes. 
Many Westland terraces have wetland areas (known locally as pakihis) 
where forest does not grow. Typically, these are colonised by ferns 
(Gleichenia spp.), sedges (Baumea spp.), restiads (mainly Empodisma minus), 
rushes (Juncus spp.), wire rush (Calorophus minor) and manuka 
(Leptospermum scopal'ium) (Wardle, 1979; N.Z. Soil Bureau, 1968; Mew, 1983). 
2.1.6. Westland Pakihis 
Technically, pakihis are classified as soligenous plaudification bogs 
(blanket bogs on flat or sloping surfaces) belonging to the oligotrophic series 
(Cranwell, 1953; cited in Rigg, 1962). There are about 300000 ha of pakihi 
land on the west coast of South Island (see Fig. 2.1.), and in North Westland 
it comprises 19 % of the total land area (Washbourn, 1972; Jackson, 1987). 
Most pakihis occur on terrace systems composed of glacial and post-glacial 
outwash materials where annual rainfall exceeds 220 cm. Although soils 
under pakihi land have a diverse range of physical characteristics, all have 
four features in common (Mew, 1983). Pakihi soils are extremely acid (pH 
17 
usually < 4.5 in upper horizons), naturally infertile, have relatively 
impermeable subsoils and are saturated with water for a substantial part of 
the year. 
Most large pakihis contain buried timber and as a result some workers 
(e.g., Holloway, 1954) believe that they were covered in forest (mainly rimu 
and silver pine) in pre-European times. Conversion to pakihi could have 
been induced by logging, fire, changes in the physical and chemical 
characteristics of the soil or regional climatic variations (Mew, 1983). Over 
the last few centuries, however, forests appear to have been re-invading 
some pakihis, and in South Westland zones of succession from pakihi to 
manuka to silver pine and finally to rimu can be distinguished (Holloway, 
1954). Mew (1983) concluded that localised variations in water table levels 
best explain the present distribution pattern of pakihi and forest in South 
Westland. 
Recolonisation of pakihis by forest has largely been halted by the 
activities of man who has logged and repeatedly burnt many terrace areas 
so that extensive "induced pakihis" have been formed. Under forest cover, 
water drains laterally through the litter and A 1 horizons of Okarito soils, 
but loss of litter after milling has reduced lateral drainage and surface 
aeration permitting only pakihi vegetation to become established (N.Z. Soil 
Bureau, 1968). The first burnings were probably carried out on a small 
scale by Maoris and it was suggested by Wardle (1979) that the pakihis 
inland from Okarito were first cleared by Maori eeling parties heading for 
Lakes Wahapo and Mapourika (Fig. 2.3.). In the early years of European 
colonisation, some pakihis were disturbed by the sinking of gold mine 
shafts, the digging of sluicing channels and the formation of dams (Rigg, 
1962). Where this disrupted impervious su bsoil pans, free drainage resulted 
and many introduced plants now occur at the expense of endemic species. 
Early attempts to reclaim pakihis for forestry and pastoral farming 
were unsuccessful because of poor drainage and natural infertility. Pakihi 
soils are typically low in phosphorous, calcium, magnesium, potassium, 
copper, cobalt and molybdenum, and have high carbon:nitrogen ratios 
(Wash bourn, 1972). However, trials on the Buller pakihis near Westport have 
shown that good pasture growth can result within one year on some pakihi 
soils which have received adequate top-dressings of lime, superphosphate and 
essential trace elements (Walton, 1971). Establishing pasture on pakihis can 
be expensive, and many farmers content themselves with burning the 
vegetation once a year so that stock can feed on the young regrowth (Rigg, 
1962). 
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Trials on the Craigieburn pakihi, south of Reef ton, have shown that 
forestry may be the most viable commercial use for pakihi land (Washbourn, 
1972). Promising results were achieved with three conifer species (Pinus 
radiata, P. muricata and P. contorta) in areas where drainage was improved 
and fertilisers applied. About 50 % of recent (-1983) exotic forest plantings 
in Westland have been on pakihi land, much of which was v-bladed (N.Z. 
Forest Service, 1984). The v-blading technique draws its name from the 
shape of the tractor blade which mounds earth up in parallel rows at right 
angles to stream channels thereby facilitating drainage. V-blading typically 
removes 2 m wide strips of soil to a depth of about 0.4 m and rolls it out 
to create mounds about 0.5 m high (Jackson, 1987). Parallel runs of the 
v-blade are made about 8 m apart and are separated by 2 m strips of 
undisturbed pakihi soil. 
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2.2. NORTH WESTLAND SITES 
2.2.1. Larry River and Craigieburn Pakihi Streams 
Faunal and chemical surveys were made at twenty-nine stream and 
river sites on or around the Larry River and Craigieburn terraces (Fig. 2.2.; 
see Chapters 4 and 5). Pakihi land on both terraces has been developed for 
forestry to varying degrees (mostly by v-blading and planting with pines; 
see Table 2.1.), and on the' Craigieburn terrace, undisturbed brownwater and 
clearwater streams are found in close proximity. 
Rainfall is high (200-381 cm p.a.) and has contributed to the 
development of mature podzols (Okarito series), although on the Larry River 
pakihi, Kini soils also occur (Wash bourn, 1972; Ross et al., 1977). 
Beech-podocarp forest colonised the terraces in pre-European times, but 
logging and burning has induced the establishment of typical pakihi 
vegetation. In addition to the species listed in Section 2.1.5., gahnia (Gahnia 
setijolia), bracken (Pteridillm aqllilillllm), ring fern (Paesia scaberllla) and 
Sphagllum moss are also common. 
The Craigieburn pakihi comprises 7280 ha of gently-sloping terrace 
(183-335 m asl) on the inland flanks of the Paparoa Range (Wash bourn, 
1972) (Fig. 2.2.). Development of the area for forestry began in 1953, and 
since then at least 15 species of trees (mostly Pillus spp.) have been planted 
using a variety of land preparation techniques and fertiliser applications 
(see Wash bourn (1972) for details of initial trials). Most development took 
place in 1977-78 and 1980-82, and the most recent plantings were in 1986. 
Some areas of undeveloped pakihi and undisturbed native forest remain, 
although these are mostly on the outer flanks of the terrace system. 
Twenty-two stream sites on and around the Craigieburn terrace were 
sampled (Fig. 2.2.; Table 2.1.), and all but seven (Sites 1, 4, 5, 6, 7, 21 and 
23) were associated with Craigieburn Creek which forms the main drainage 
network. Sites 9, 12 and 20 were all clearwater streams originating in the 
surrounding forested hills, whereas Sites 2, 5, 8, 15, 16, 17, 19 and 23 were 
small, brownwater streams surrounded by undeveloped pakihi or native 
forest on Okarito soils. Four sites (I, 3, 21 and 22) were on downstream 
reaches of large streams or rivers draining the Craigieburn terraces, and had 
some catchment development upstream of the sampling site. All streams run 
in a southerly direction and eventually flow into Grey River. 
The Larry River terrace sequence is situated 14 km north of Reefton 
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Figure 2.2. stream survey sites on the Craigieburn and larry River 
terraces. A & B, locations of the study areas in North Westland; 
C, Cralgleburn sites; 0, larry River sites. In 0, broken lines 
delineate the two upper levels of the larry River terrace sequence, 
and the stippled area indicates the three experimental catchments, 
ll, l2 and L3. Grid references of all sites are given In Table 2.1. 
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Table 2.1. Locations and physical characteristics of the 29 North Westland survey 
sites. Stability was assessed using the streambed component of the Pfankuch (1975) 
method which gives lower scores to more stable sites. Oate of catchment development 
(v-blading) is given where applicable, and sites have been ranked (1-5) according to 
their degree of development beginning with undisturbed sites in beech-podocarp forest. 
Site 18 was not Included In the study because samples collected In November were lost. 
Channel pfankuch Oate of Rank Adjacent 
Map ref. width streambed catchment order vegetation 
Site NZMS 1· (m) stabil Ity develop- of type 
score ment development 
1 S45 033073 5.0 30 * 1 forest 2 545 086088 4.5 29 1 forest 
3 545 085097 15.0 44 * 1 forest, scrub 
4 538 045110 4.0 34 1976 * 3 Pinus radiata, scrub 
5 538 064118 3.5 22 * 1 forest 6 538 063126 3.0 36 1986 5 P. radiata 
7 538 057134 2.5 30 1985 5 P. radiata 
8 538 063155 2.5 22 2 pakihl 
9 S38 065163 4.5 43 1 forest 
10 538 073156 1.2 25 1980-81 4 P. radiata 
11 538 076157 3.0 29 1980-81 4 P. radiata 
12 538 072177 3.5 40 1 forest 
13 538 091156 2.5 36 1980-81 4 P. radiata, Pseudotsuga sp. 
14 538 091164 3.0 35 1981-82 4 P. radiata 
15 538 096164 4.5 35 1 forest 
16 538 104164 2.5 32 1 forest 
17 538 108164 2.0 33 2 pakihl 
19 538 120198 6.5 22 1 forest 
20 S38 077178 3.5 40 1 fores t 
21 545 063063 10.0 30 * 2 scrub and pasture 22 545 090081 24.0 44 * 2 scrub and pasture 23 545 038108 3.5 23 1 forest 
Ll 538 377383 1.7 51 1981-82 4 P. radiata 
L2 538 377381 1.0 26 2 paklhi 
l3 538 377377 1.0 55 1984-85 5 P. radiata 
L4 538 370388 1.4 56 1982-83 4 P. radiata 
l5 538 363393 1.2 23 1980-81 4 P. radiata 
l6 538 367374 1.3 37 * 1 forest l7 538 370373 1.9 38 * 1 forest 
* some catchment development upstream of sampling s \teo , 
I no catchment development upstream. 
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(Fig. 2.2.), and comprises seven adjacent levels up to 290 m asl (Ross et al., 
1977). V-blading and planting with pines began in 1980-81 and now most 
of the upper terraces' have been developed. Seven sites on streams draining 
the Larry River pakihi were sampled in the survey (Table 2.1.), all streams 
flowing in a south-westerly direction into Boatmans Creek or its tributary, 
Burke Creek. Sites LI-L5 flowed across the two upper terraces, whereas the 
other two sites were on downstream reaches of terrace streams after they 
had flowed for several hundred meters through beech-podocarp forest. 
2.2.2. Larry River Experimental Catchments 
Three adjacent catchments (Ll, L2 and L3; Plate 2.1.) on the upper 
level of the Larry River terrace sequence were monitored continuously 
between April 1983 and April 1988 by Forest Research Institute (FRI), 
Ministry of Forestry. This program was designed primarily to assess the 
effects of v-blading on catchment hydrology. I investigated sources and 
fluxes of DOC carried by streams draining these catchments from August 
1986 to July 1987 (see Chapter 3). 
Each catchment is roughly rectangular (approximately 800 m long by 
150 m wide) and has a gradient of about 10 (Jackson, 1987). ' L2 is the 
largest catchment (11.60 ha) and is undeveloped pakihi which was last burnt 
about 40 years ago. The dominant canopy species is manuka (4-6 m high) 
which shelters a ground cover of Sphagnum moss, bracken and ferns. Water 
moves laterally at a slow rate and eventually forms sluggish, tortuous 
streams which frequently disappear beneath the surface vegetation (Jackson, 
1987). 
At the head of catchment LI is 3.2 ha of undeveloped manuka forest 
(see Fig. 3.1.), bu t the lower 6.8 ha was crushed and burnt in 1981, and in 
1982 the catchment was v-bladed and planted with pines. By 1986, the 
pines were 3-5 m tall and scrub (mostly bracken) had regenerated to a 
height of 0.5-1.0 m (Jackson, 1987). The v-blade tracks have remained bare 
but mosses and some rushes have invaded the stream channel. L3 is the 
smallest (9.87 ha) and more recently developed catchment. Its vegetation 
was crushed in October 1984, burnt in February 1985, and 2 months later 
the site was v-bladed. Pines were planted on the mounds in July 1985. 
Plate 2.1. Streams draining catchments L2 (upper photo), Ll 
(middle) and L3 (lower) in Larry River Experimental Area, north of 
Reef ton. L2 was the control catchment (mostly manuka) whereas L I 
and L3 were developed by v-blading and planted with pines in 1982 
and 1985, respectively. 
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2.3. SOUTH WESTLAND SITES 
2.3.1. Introduction 
Five streams included in the West Coast survey of Winterbourn & 
Collier (1987) were selected for intensive study to obtain quantitative data 
on faunal and chemical dynamics of brownwater and clearwater streams. 
These sites were between Franz Josef glacier and Lake Wahapo, a linear 
distance of 22 km (Fig. 2.3.), and comprised two darkly-stained brownwater, 
one moderately-stained brownwater and two clearwater sites. Locations and 
some physical characteristics of sampling reaches in the five South Westland 
streams are given in Table 2.2. 
2.3.2. BroWllwater Sites 
Steep Creek and Suspect Stream (Plate 2.2.) originate in a lowlying 
area of pakihi adjacent to the Okarito road. Both streams are 
darkly-stained, have fairly narrow channels (mean width -2.4 m), low 
gradients (~ 30 ) and similar streambed stabilities (Table 2.2.) .. They 
flow for about 1 km through mainly podocarp forest and eventually enter 
the Okarito River. Silver pine was cleared from this area at the end of 
the nineteenth century and again some 50 years later, but since then 
there has been no disturbance (Stevens, 1968). The moderately-stained 
brownwater stream is Mapourika Creek. The widest and steepest of the 
five sites, it flows for about 1 km before entering Lake Mapourika (Table 
2.2.). Adjacent soils belong to the free-draining Hokitika-Ikamatua series 
and contrast with soils in the headwaters of Steep Creek and Suspect 
Stream which are Okarito gley podzols (N.Z. Soil Bureau, 1968). 
Riparian vegetation alongside Suspect Stream (mainly manuka and 
juvenile podocarps) and Mapourika Creek formed a dense canopy over the 
sampling reaches. Steep-sided valley walls (slope -230 ) meant that the 
section of stream bed sampled in Steep Creek received direct sunlight only 
in the mid to late afternoon. Riparian vegeta tion alongside Steep Creek and 
Mapourika Creek was composed primarily of rimu and kama hi with crown 
fern (Blechnum discolor) and tree fern (Cyathea smithii) common close to 
the stream edge. Little allochthonous leaf litter was trapped in the stream 
channels at any brownwater site, although large amounts of woody debris in 
... . . 
. . . 
. . 
. . 
Wahapo 
43°15'5 
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study Area 
km ~ 0 1 2 3 4 5 I I I I I J 
Figure 2.3. Locations of the five South Westland study sHes. 29, 
Suspect Stream; 30, Steep Creek; 3), Hapourika Creek; 33, Toilet 
Stream; 34, lIidden Creek. Site numbers correspond to those used in 
Wlnterbourn & Collier (1987; Appendix IV). 
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Steep Creek formed several log jams which periodically trapped leaf 
material. Mosses were present in all three brown water streams, and in Steep 
Creek, liverworts and patches of the red alga Balrachospermum sp. were 
seen. 
Fish, mostly Galaxias spp. but also some long-finned eels (Anguilla 
die//enbachii), were present in all the brown water streams studied (M.R. 
Main, North Canterbury Catchment Board, Christchurch; pers. comm.). 
Redfinned bullies (Gobiomol'phus huttoni) were found only in Mapourika 
Creek. 
2.3.3. Clearwater Sites 
Toilet Stream and Hidden Creek (Plate 2.3.) are tributaries of Waiho 
River in the Franz Josef glacier valley (Fig. 2.3.). They had the most stable 
(Hidden Creek) and one of the most unstable (Toilet Stream) stream beds of 
the five South Westland sites, although both sampling reaches had similar 
channel slopes and widths (Table 2.2.). 
Hidden Creek emanates from a spring on a rocky, bush-clad hillside 
(slope 20-31 0 ) and emerges onto an open terrace of fluvio-glacial alluvium 
about 25 m from its source. The sampling reach was located on this terrace 
wlttte tile stfMfI1 C#Hlflnd W~IS exposed to direct sunlight (or much of the 
day. In contrast, Toilet Stream is fed by runoff from steep-sided valley 
walls and flows for approximately 750 m through dense scrub which shades 
the stream channel. Vegetation alongside both clearwater streams consisted 
mainly of wineberry (Al'isloleiia sen'ala), tutu (Coria ria arbol'ea), pate 
(Sr:hpl/(Pffl riip,ilflto). m('lJnt~in ~~e~~c (()(paria avic'?nnia'?fn/ia) and CTI)Wn 
fern. Large quantities of leaves accumulated in the stream channel in 
Hidden Creek, and these appeared to be retained for relatively long periods, 
presumably because of the fairly stable flow regime. However, 
comparatively little allochthonous leaf material was seen in Toilet Stream 
during the study, although aquatic mosses were more common there. 
Soils around Hidden Creek and Toilet Stream are poorly-developed and 
comprise a thin (2-3 cm) layer of mor humus over about 9 cm of humic 
sand (Stevens, 1968). Fish were not present at either clearwater site (M.R. 
Main, pers. comm.). 
Plate 2.2. The two darkly-stained brown water sampling sites in 
South Westland. Upper photo, Suspect Stream; lower photo, Steep 
Creek. 
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Table 2.2. Locations and some physical characteristics of sampling 
reaches (15-30 m long) in the five South Westland streams. Channel width 
and slope are expressed as means of five measurements with ranges in 
parentheses. Stability was assessed using the streambed component of the 
Pfankuch (1975) method which gives lower scores to more stable sites. 
Suspect Steep Mapourika Toilet Hidden 
Stream Creek Creek Stream Creek 
Map reference 864902 870896 866831 821677 823671 
(NZMSI 571) 
Elevation 95 80 110 23.0 250 
(m asl) 
Width 2.4 2.3 4.6 1.4 1.4 
(m) (2.0-2.9) (1.5-3.3) (4.0-5.5) (1.0-1.8) (1.3-1.6) 
Slope I . 2 8 2 4 
(0) (0-2) (1-3 ) (3-16) ( 1 -4 ) (1-5) 
Approx. distance 30 500 800 25 30 
from source (m) 
Pfankuch streambed 39 42 35 42 22 
stabil Ily score 
Plate 2.3. The two clearwater sampling sites in South Westland. 
Upper photo, Hidden Creek (Franz Josef glacier in background); 
lower photo, Toilet Stream. 
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CHAPTER 3 
SOURCES AND FLUXES OF DISSOLVED ORGANIC CARBON 
IN DEVELOPED AND UNDEVELOPED CATCHMENTS IN 
NORTH WESTLAND 
3.1. INTRODUCTION 
Although several workers have calculated organic carbon budgets for 
clearwater streams or rivers draining upland catchments (e.g., Fisher & 
Likens, 1973; McDowell & Fisher, 1976; Fisher, 1977), few have estimated 
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. fluxes in wetland areas where organic carbon export in drainage waters is 
substantially higher (Mulholland & Kuenzler, 1979). Estimates of annual 
DOC export in clearwater streams draining upland catchments rarely exceed 
3 g.m-2 (see Tate & Meyer, 1983), whereas export in streams flowing from 
wetland catchments is often greater than 5 g.m-2.y-l (e.g., Grieve, 1984; 
McKnight et al., 1985; Clair & Freedman, 1986). To my knowledge, only 
Mulholland (1981) has Quantified inputs and outputs (total organic carbon) 
to a Northern Hemisphere wetland system, and nobody has documented the 
effects of wetland afforestation on DOC dynamics. Studies into the effects 
of development on DOC fluxes in upland catchments have been 
contradictory. For example, Hobbie & Likens (1973) found that DOC export 
was similar from streams in clear-cut and undisturbed Hubbard Brook 
catchments in New Hampshire, whereas Meyer & Tate (1983) demonstrated 
lower· export from a clear-cut catchment at Coweeta, North Carolina. 
About half of recent pine forest plantings in Westland, New Zealand, 
ha ve been on pakihi wetlands most of which were v-bladed (see Section 
2.1.6.) before planting to improve drainage (N.Z. Forest Service, 1984). 
Destruction of vegetation and alteration of natural drainage characteristics 
might be expected to have marked effects on the DOC dynamics of such 
catchments by removing potential sources of DOC and altering hydrological 
pathways. In this chapter, DOC budgets for three catchments of the Larry 
River Experimental Area (LREA), north of Reef ton (see Section 2.2.2.) are 
presented. One catchment (L2) was undeveloped pakihi (predominantly 
manuka forest), whereas Ll and L3 were v-bladed and planted with pines 
in 1982 and 1985, respectively. My aims were to investigate major sources 
of DOC, to Quantify DOC inputs and outputs from the three catchments, 
and to determine the effects of v-blading on DOC dynamics. 
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3.2. METHODS 
3.2.1. . DOC Analyses 
All water samples were analysed for DOC within one week of 
collection by the micro-dichromate oxidation procedure (Maciolek, 1962; 
Newell, 1982) using heat-by-dilution. Each sample was analysed once, but 
triplicate analyses were carried out on one sample from each monthly batch 
to determine repeatability of the technique. Coefficients of variation (CV) 
for triplicate analyses ranged from 1.4 to 7.5 % and averaged 2.9 %. 
Water was passed through 0.45 pm Millipore filters which had been 
leached for at least 24 hours in distilled water to remove soluble organics. 
Depending on suspected DOC concentration, 10-100 ml subsamples of water 
were evaporated (50-80°C) to dryness in 250 ml flasks, after which 
remaining organics were oxidised with 5, 10 or 15 ml of 0.05 N potassium 
dichromate and concentrated sulphuric acid (2:1 acid:dichromate). After 
cooling, the solution was diluted with 100 ml distilled water followed by 
addition of phosphoric acid (1:1 dichromate:acid) to improve endpoint 
resolution during titration. Excess oxidant was titrated to a clear/green 
endpoint with 0.03 N ferrous sulphate after adding a few drops of barium 
diphenylamine sulfonate indicator. Reagent blanks were run routinely. 
DOC concentration was calculated according to the method of Maciolek 
(1962): 
(1) DOC (mg) = (A-B) x N x 8 
2.86 
where A = ml of ferrous sulphate used in blank titration; 
B = ml of ferrous sulphate used in sample titration; 
N = normality of ferrous sulphate; 
8 = equivalent weight of oxygen; 
2.86 = factor converting weight of oxygen to organic carbon. 
Normality of ferrous sulphate (N) was calculated by titration against 
the potassium dichromate solution: 
(2) N = ml dichromate x normality of dichromate 
ml ferrous sulphate used in titration 
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Maciolek (1962) recommended immersing the acid/dichromate mixture 
in a boiling water batl,t for three hours to facilitate maximum oxidation of 
organic carbon, and McCammon (1978) recovered an average of 98 % of 
organic carbon in beech (Notho/agus) detritus using this method. The 
heating step was omitted in the present study to enable rapid analysis of a 
large number of samples. To determine the oxidation efficiency of the 
modified technique, comparisons were made between the amounts of organic 
carbon extracted from beech detritus and tannic acid (Mallinkcrodt 
analytical reagent) by dichromate oxidation and ashing overnight at 500°C. 
Organic matter was assumed to be 50 % carbon (Maciolek, 1962). 
The heat-by-dilution dichromate oxidation procedure retrieved an 
average of 83 % of organic carbon in tannic acid and beech detritus (Table 
3.1.). DOC concentrations calculated from Equation I therefore were 
multiplied by 1.2 to provide a more accurate estimate of DOC. Lee et al. 
(1983) found that equivalent corrections were required when using 
heat-by-dilution dichromate oxidation to measure organic carbon content of 
some South Pacific soils. Thus, the equation used to calculate DOC can be 
simplif ied to: 
(3) DOC (mg) = (A-B) x N x 3.36 
Table 3.1. The percentage of organic carbon recovered from tannic acid 
and beech detritus using heat-by-dilution dichromate oxidation. The 
right hand column gives factors by which organic carbon values obtained 
by the Maciolek (1962) calculation must be multiplied to correct for 
inefficiency of oxidation. AFOW = initial ash-free dry weight of the 
compound oxidised. 
Compound AFOW % Multiplication 
(mg) recovery factor 
Tannic acid 17.6 80.6 1. 24 
20.0 85.1 1.18 
19.0 84.2 1.19 
Beech detritus 28.7 86.2 1.16 
28.7 82.6 1. 21 
28.7 79.1 1. 26 
Mean 83 1.2 
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3.2.2. Sample Collection 
Sampling protocol and validation 
Porous cup lysimeters and rainfall, through fall and stem flow collectors 
were installed in the three experimental catchments on the Larry River 
pakihi (see Figs. 2.2. and 3.1.) in June-July 1986. Water samples from these 
and grab samples from streams were collected for DOC analyses at monthly 
intervals between 1 August 1986 and 31 July 1987, when volumes of 
rainfall and throughfall were also measured. Intensive storm sampling of 
streams was carried out for one week every month during summer 
(September 1986 to January 1987), and stemflow and soil water were 
sampled intensively between 16 and 23 December. Rainfall and stream 
discharge were recorded continuously by Forest Research Institute (FRI). 
To determine if storing water samples in the field affected DOC 
concentrations, stemflow and soil water (lysimeter) samples from L2 were 
analysed before and after three weeks storage. Soil water samples from two 
horizons were kept in situ in lysimeters under zero vacuum and, after three 
weeks, no significant (t-test, P > 0.05; log (x) transformed) changes in DOC 
concentration were detected (Table 3.2.). Stemflow samples were stored in 
black, polyurethane bottles in the shade, and in opaque, polyethylene bottles 
in shaded and unshaded conditions to determine if photo-oxidation of DOC 
was occurring. No significant changes in DOC concentration between initial 
and stored samples were detected for any treatments after three weeks in 
the field (Table 3.2.). 
Rain/all. through/all and stem/low 
Rainfall and throughfall were collected by plastic funnels (16 cm 
diameter) which drained into 20 I (rainfall) and 5 I (throughfall) 
polyethylene containers. The rainfall collector was located in a clearing in 
catchment L2, adjacent to a Lambrecht rain gauge operated by FRI (Fig. 
3.1.). Five throughfall collectors were placed under manuka at L2, whereas 
at Ll throughfall was collected from beneath pines (2 collectors) and scrub 
(3) which was mostly bracken. Stemflow was collected from trunks of five 
pine (Ll) and five manuka (L2) trees using plastic collars which channelled 
stemflow (10-20 cm above the ground) into storage containers. 
To prevent contamination of samples by organic debris, all funnels and 
ends of stemflow collars were plugged with glass wool which was renewed 
monthly. Little organic debris was trapped by glass wool plugs in any 
collector at LI, but at L2, accumulations of manuka bark or leaves were 
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Figure 3.1. Locations of rainfall, throughfa1l, stemflow and soil water (lyslmeter) collectors at catchments LI, l2 and l3 of the Larry River 
Experimental Area. stream water samples were collected above v-nolch 
weirs. Stippled area represents the 3.2 ha of manuka forest at LI. 
Table 3.2. Concentrations (x± 2 Sf) of dissolved organic carbon (~OC) 
In stemf10w (opaque or darkened bottles; shaded or un shaded conditions) 
and soil water samples from L2 before and after storage for three weeks 
In the field. All differences before and after storage were 
non-significant (t-test, P > 0.05; log (x) transformed). 
Sample 
Stemflow 
opaque, shaded 
opaque, unshaded 
darkened, unshaded 
Soil water 
A horizon 1yslmeter 
G horizon lyslmeter 
DOC concentration (g.m- 3) 
Before 
14.3 ± 1.2 
14.3 ± 1.2 
14.3 ± 1.2 
26.5 ± 0.5 
21.3±0.7 
After 
13.1 ± 0.4 
12.6 ± 0.7 
13.1 ± 0.3 
25.5 ± 0.4 
22.0 ± 1.3 
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often found, particularly in throughfall funnels. Deionised water was run 
through three funnels and stemflow collars at L2 to determine how much 
DOC could be leached from "worst case" accumulations (four weeks) of 
organic matter. Deionised water gained on average 2.8 g.m-3 DOC from 
throughfall funnels, but only 0.7 g.m-3 from stem flow collars; DOC 
concentrations were not adjusted for contamination from organic material 
trapped in collectors. 
Soil water 
Sets of porous cup lysimeters (4 cm diameter) were installed in the 
upper and lower ends of catchments L1, L2 and L3 (Fig. 3.1.). Each set 
consisted of one lysimeter in A (-15 cm deep) and G (-33 cm) horizons of 
undisturbed Okarito soils (all catchments) and in v-blade mounds (-35 cm) 
at L1 and L3. Soil cores were taken before installation to ensure that 
lysimeter cups would be sampling the correct horizon, and lysimeter necks 
were jacketed with PVC tubing to prevent rainwater trickling down the 
sides. Lysimeters were evacuated (10-15 inches Hg) with a vacuum pump, 
sealed, and emptied under vacuum on the next sampling occasion. 
Stream water 
Grab samples of stream water were collected in polyethylene bottles 
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(75 or 250 ml) above v-notch weir ponds in all catchments (Fig. 3.1.). Water 
stage height in meters (SH) was recorded at weirs concurrently and 
converted to discharge (m3.s- 1) by the appropriate equation used by FRI 
hydrologists: 
(4) Discharge = 1.38 x SH2.5 
In addition to monthly samples, 222 grab samples were taken from 
streams during storm events between September 1986 and January 1987; 
sampling frequency depended on discharge and its rate of change. 
Automatic samplers (Manning S200) operated by FRI also collected some 
water samples during storms, and 86 of them (taken between January and 
May 1987) were analysed for DOC. 
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3.2.3. Calcula tiOIl of DOC Fluxes 
Volumes of water entering each catchment annually as rainfall, 
throughfall, stemflow and soil water were calculated and multiplied by their 
mean DOC concentration (all sampling dates combined) to give annual DOC 
inputs per square meter of catchment. L2 and L3 are believed to be water 
tight, but catchment Ll probably loses some water through leakage from the 
stream channel where impervious subsoil pans may have been disrupted 
during v-blading (R.J. Jackson, FRI, Christchurch; pers. comm.). Thus, the 
difference between gross annual rainfall (i.e., measured above the vegetation 
canopy) and total runoff at L2 and L3 was attributed entirely to losses 
from interception (water evaporated from wet vegetation during or after 
rainfall), transpiration (water evaporated from dry leaves via stomata after 
being taken up from the soil and transported through stems), and 
evaporation from the soil. 
Catchment L2 
In L2 where the forest vegetation is evergreen, the percentage of 
rainfall intercepted was assumed to be constant in all months (27 %) and 
was calculated from the mean difference between rainfall and runoff in 
June and July (1986 and 1987) when transpiration was assumed to have 
been negligible. The difference between net rainfall (i.e., gross rainfall 
minus interception) and runoff represents the amount of water lost annually 
by transpiration (44.7 m3xl03; Table 3.3.). 
The proportion of rain entering L2 as throughfall (33 %) was 
estimated from volumes in' collectors, and the difference between throughfall 
and net rainfall was attributed to stemflow from manuka (40 %). These 
proportions are similar to those of Blake (1965) who estimated interception 
losses of 31 %, and throughfall and stemflow fluxes of 38 % and 31 % of 
rainfall, respectively, in a stand of manuka in Northland. Aldridge & 
Jackson (1968) calculated interception and throughfall by manuka in the 
southern North Island as 39 % of rainfall, whereas stemflow was 23 %. 
Catchme1lt L1 
Inputs and losses of rainfall from Ll were calculated separately for 
the 3.2 ha of manuka forest (as described for L2), and the 6.8 ha of 
v-bladed catchment. Bare v-blade tracks cover about one third of the 
developed area at Ll whereas the remaining two thirds (v-blade mounds and 
undisturbed soil between mounds) are vegetated. Rainfall was partitioned 
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into volumes falling on and between mounds (99.5 -m3xl03) and on to tracks 
(49.0 m3xI03). Some of the latter (-18.4 m3xI03) is likely to be evaporated 
from the tracks, whereas the remainder runs quickly into the stream 
channel (R.J. Jackson, pers. comm.), and would have little opportunity to 
leach DOC from soil or vegetation. 
Mapping of six, 20 m transects at Ll showed that pine foliage formed 
a partial canopy over 22 % of v-blade mounds and undisturbed soil between 
mounds at Ll. Scrub (mostly bracken) covered the entire area on and 
between mounds, and grew right to the base of pine trees, further enriching 
pine throughfall with DOC. Interception by pine and scrub (15 %) was 
calculated from the difference between gross rainfall and volumes of 
throughfall (measured in collectors) plus stemflow from pines (taken as 6 % 
of gross rainfall). The latter value is in the middle of the range (4-9%) 
given. by Whitehead & Kelliher (1986) for stemflow from pines (11-12 years 
old) in two plantations (334 and 754 stems ha- l ) near Rotorua, North Island. 
Whitehead & Kelliher (1986) calculated interception as 15-18 % (c.r., 15 % in 
the present study) and throughfall as 73-81 % of rainfall for the same two 
plantations. Their throughfall values are slightly lower than the 84 % of 
gross rainfall collected in throughfall collectors under pine and scrub at Ll. 
Annual fluxes of DOC in pine stemflow and throughfall were adjusted for 
the proportion of developed, vegetated catchment area covered by pines (22 
%). 
Annual transpiration losses of water from the developed area of Ll 
were taken as 29.2 m3x 1 03 (R.J. Jackson, pers. comm.), and the difference 
between these and all other water losses during the study period was 
assumed to be due to leakage from the stream channel (12.8 m3xI03). 
Runoff volumes were assumed to be the same from v-blade mounds and 
soils between mounds. 
Catchment L3 
Losses of rainfall from L3 by interception and transpiration would 
have been negligible during the study period because vegetation cover was 
sparse for most of the time. Indeed, losses at L3 were almost identical for 
the year immediately following development (January 1985 to December 
1986) when vegetation had been cleared from the catchment (42 % of 
rainfall lost), and for the twelve months of the present study (46 %). Thus 
for budgetary purposes, the difference between annual rainfall and runoff 
at L3 was attributed to evaporation from the soil. Because of the sparse 
vegetation cover at L3, soil surfaces were often exposed to the evaporative 
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effects of direct sunlight and wind. Runoff from L3 was assumed to have 
been derived in equal proportions from v-blade tracks, mounds and 
undisturbed soils (Le., one third from each). 
Outputs 
Annual outputs of DOC from streams were estimated from flow 
duration data (provided by FRI) and DOC:discharge relationships for each 
catchment. Flow durations were divided into 54-59 classes (number 
depending on flow magnitude) ranging in size from 0.02 l.s-I.ha- I for low 
flow classes « 0.1 l.s-I.ha- l ) to increments of 2.5 l.s-I.ha- I for flow size 
classes exceeding 20 l.s·I.ha -1. Mean DOC concen tra tions for each flow size 
class were calculated from DOC:discharge regression equations (see Section 
3.3.1.), and were multiplied by the proportion of time spent in that size 
class during the study period. Where r2 values for regressions were very 
low (Le., for low discharge data sets at LI and L2; see Equations 7 & 8 in 
Section 3.3.1.), means of all low flow size classes were averaged to calculate 
DOC concentration. Dh;charge weighted DOC values for each size class 
were summed to give mean annual DOC concentrations for each stream, and 
these values were multiplied by the volume of runoff to give amounts of 
DOC (g) exported per square meter of catchment per year. 
Table 3.3. Water budgets (m3xI03) calculated for L2 (control), LI (5 yr 
post v-blading) and L3 (2 yr post v-blading) between August 1986 and July 
"1987. Gross rainfall during this period was 218.5 cm. Where 
appropriate, fluxes of water through soils were calculated for 
undisturbed A and G horizons (both combined), v-blade mounds and v-blade 
tracks. Negative values represent a net loss of water. -, not 
applicable. 
* , 
** , 
Interception 
manuka 
pine/scrub 
Throughfall 
manuka 
pine 
scrub 
Stemflow 
manuka 
pine 
Transpiration 
manuka 
pine/scrub 
Leakage 
Soil water 
A + G 
mounds 
tracks 
Evaporation 
Runoff 
l2 
-68.4 
83.6 
101. 4 
-44.7 
140.4 
140.4 
LI 
-18.9 
-14.9 
23.1 
18.4* 
83.6 
28.0 
1.3 
-12.3 
-29.2 
-12.8 
21.4 t 38.7** 
21.4 
30.6 
-18.4 
112.0 
l3 
39.7 
39.7 
39.7 
-99.5 
119.0 
Includes water falling through pine foliage and then scrub. 
volumes of wa~er ~ssumed to pass through undlsturbe~ sojls beneath 
scrub (21.4 m xlO ) and manuka forest soils (38.7 m xl0 ). 
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3.3. RESUL TS 
3.3.1. DOC Concentrations 
Rain/all and through/all 
DOC concentration in rainwater measured at monthly intervals ranged 
from 0.5 to 1.8 g.m-3 and averaged 1.0 g.m-3. At Ll (v-bladed and planted 
with pines in 1982), passage of rain through pine foliage elevated mean 
DOC concentrations to between 2.6 and 16.1 g.m-3 (Fig. 3.2.), and even 
higher levels were recorded in throughfall under scrub (6.1-31.8 g.m-3). The 
highest DOC concentrations in throughfall (up to 55.3 g.m-3) were obtained 
under manuka at the control catchment (L2). 
The concentration of DOC in throughfall peaked in December under 
all types of vegetation, although high values (> 30 g.m-3) were also recorded 
under scrub at Ll in samples collected on 1 August 1986 (Fig. 3.2.). In the 
five months prior to January, DOC concentration varied considerably in all 
sets of collectors except under pine. For example, the range of 
concentrations observed under manuka was 6-55 g.m-3. However, in the 
latter half of the study (January to July 1987) mean concentrations were 
much more similar in any set of collectors, the range under manuka, for 
example, being 8-23 g.m-3. Monthly DOC concentrations in throughfall from 
manuka at L2 and scrub at Ll were inversely correlated with rainfall 
volumes during the same periods (rs = -0.60 and -0.69, respectively; P < 
0.05), indicating that amount of rainfall was an important factor 
influencing DOC concentration in through fall. 
Stem/low 
DOC concentration in stemflow from pines (LJ) peaked in 
November-December at about 20 g.m-3, but on most other dates values were 
less than 10.0 g.m-3 (Fig. 3.3.). Manuka stemflow always had mean DOC 
concentrations greater than 15 g.m-3 but did not show the same temporal 
pattern as pine stemflow. Although a small peak in manuka stemflow DOC 
concentration was found in December, values found in early and late July 
were 2-3 times greater and had a peak of 152.8 g.m-3. 
II 
50 
Figure 3.2. Mean monthly concentrations of DOC in throughfall under pine (.) and scrub (4) at LI, and manuka (.) at L2 between August 1986 and 
July 1987. Coefficients of variation for replicate samples averaged 35, 
38 and 19 % for manuka, scrub and pine, respectively. 
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Figure 3.3. Mean monthly concentrations of DOC in pine stemflow at Ll 
(e) and manuka stemflow at L2 (II) between August \986 and July 1987. 
Coefficients of variation for replicate samples averaged 40 % for pine 
and 23 % for manuka 
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Samples of stemflow from one pine tree (Ll) and one manuka (L2) 
were collected after a series of rainfall events between 16 and 23 December 
when a total of 4.2 cm of rain was recorded (Fig. 3.4.). During this time, 
DOC concentrations in pine stemflow varied from 9.0 to 27.3 g.m-3 and 
were lowest during the heaviest period of rainfall. Manuka stemflow DOC 
was also lowest (27.1 g.m-3) during the same storm event and was highest 
(76.1 g.m-3) following an extended period (-14 hours) of relatively light 
rainfall on 18-19 December (Fig. 3.4.). Thus, even though summer peaks in 
stemflow DOC were detected by routine monthly sampling, it is important 
to realise that concentrations were also affected by the frequency and 
intensity of rainfall. 
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Figure 3.4. Changes in concentrations of stemflow DOC for manuka at L2 
and pine at Ll during a series of rainfall events between 16 and 23 
December 1986. Continuous line ~ cumulative rainfall; vertical lines ~ 
DOC concentration. 
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Figure 3.5. Monthly concentrations of DOC in soil water at the three 
larry River catchments obtained from lysimeters in A horizons (circles), 
G horizons (triangles) or v-blade mounds (squares). Open and closed 
symbols represent upper and lower catchment lysimeters, respectively. 
lines connect means for undisturbed soils (A + G horizons, upper + lower 
catchment) on each date and are broken between dates when some lysimeter 
samples were missing. 
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Soil water 
DOC concentrations i,n lysimeter samples varied between soil types (A 
horizon, G horizon, mounded earth) and catchment locations (upper or 
lower) on most dates (Fig. 3.5.). In general, concentrations were less in 
lower catchment samples than in samples from the upper parts of 
catchments. At L2 (control), concentrations in A horizons (21.2-57.0 g.m-3) 
were almost always greater than in G horizons (22.9-44.0 g.m- 3) for any pair 
of lysimeters, but at other sites this trend was consistent only for lower 
catchment samples (Fig. 3.5.). At Ll and L3, DOC minima of about 13 
g.m-3 were recorded in G horizons (October and August 1986, respectively), 
and maxima of 51 g.m-3 were found in mounded earth (December (Ll) and 
April (L3». Seasonal changes in DOC concentration were not as apparent 
in the developed catchments (Ll and L3) as at L2 where concentrations in 
most lysimeter samples were higher (minima > 30 g.m-3) between December 
and April than in other months (minima 20-30 g.m-3) (Fig. 3.5.). 
Water samples were collected from lower catchment lysimeters at L2 
and L3 at 9 to 25, hour intervals between 16 and 23 December when a total 
of 4.2 cm of rain fell (Fig. 3.6.). During this time, DOC concentrations in 
samples from anyone lysimeter were relatively constant (range of CVs = 
6.3-18.4 %), indicating that soil water DOC was not affected greatly by the 
intensity or duration of rainfall. 
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Figure 3.6. Concentrations of DOC in soil water from A and G horizons at 
L2 and L3 at 9-25 hour interval~ between 16.and 2~ December 1986. 
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Stream water 
DOC concentrations in monthly grab samples ranged from 7.0 to 41.2 
g.m-3 in the stream dr~ining the more recently developed catchment (L3), 
but were less variable in LI and L2 (17.9-38.0 g.m-3) (Fig. 3.7.). Seasonal 
patterns in DOC concentration were not apparent in any stream. Lowest 
concentrations were recorded during intensive summer storm sampling (12.4, 
16.8 and 4.3 g.m-3 in LI, L2 and L3, respectively) when stream water 
clearly included a substantial volume of immediate surface runoff. 
Two DOC:discharge patterns were detected at all sites. DOC 
concentration generally increased with increasing discharge up to about 1.0 
l.s- 1, although r2 values for these relationships were low at Ll and L2. 
Regression equations describing the relationships between DOC (g.m-3) and 
log (x+ 1) discharge (D) for low flow data sets « 1.0 I.s-l) are: 
(7) L 1 DOC = 3.50 + 30.0 r2 0.02 
(8) L2 
(9) L3 
DOC 
DOC 
= 22.90 + 28.4 
= 116.00 + 11.6 
0.12 
0.58 
At flows ~ 1.0 I.s-l, negative relationships between DOC concentration 
and discharge were found at all si tes, and are described by the equations: 
(10) LI DOC = -6.80 + 34.1 r2 0.45 
(11) L2 DOC = -6.10 + 36.9 r2 = 0.37 
( 12) L3 DOC = -11.20 + 41.9 r2 = 0.63 
DOC concentration in stream water at equivalent discharges above 1.0 
l.s- 1 was 3-4 g.m-3 higher in L2 than L1. However, streamwater DOC 
concentration in L3 was greater than in the control stream (L2) at 
discharges between 1.0 and about 8.0 l.s- 1, but slightly lower at flows 
greater than this. 
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Figure 3.7. Concentrations of DOC in monthly grab samples taken from 
streams draining catchments L1 (0). L2 (6) and L3 (0) between August 1986 
and July 1987. 
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3.3.2. DOC Fluxes 
Total soil water inputs of DOC were highest to the control catchment 
(L2) and lowest to the developed catchments (v-bladed and planted with 
pines in 1982 and 1985) (Table 3.4.). Manuka stemflow was a major source 
of DOC at L2 where it contributed 76 % of the DOC inputs from 
vegetation (i.e., throughfall + stemflow). At Ll, only 41 % of DOC inputs 
from vegetation came from the v-bladed section even though it represents 68 
% of total catchment area. Of the vegetation inputs, stemflow and 
throughfall from pines contributed less than 5 %; most inputs from the 
developed area came from scrub throughfall on and between v-blade mounds 
(Table 3.4.). 
Where land had been v-bladed, water running off tracks made little 
contribution to overall DOC inputs to streams; most came from v-blade 
mounds and undisturbed soils between mounds (Table 3.4.). Because of the 
sparse vegetation cover at L3, virtually all the DOC in stream water there 
could be attributed to leaching from soil organic matter on and between 
v-blade mounds. 
DOC inputs in soil water at L3 were almost identical to amounts 
exported in stream water. In contrast, DOC export at LI exceeded 
calculated inputs to the stream by about 4.44 g.m-2.y-1 and the excess may 
be attributable to leachates produced by the extensive moss community in 
the stream itself. However, this was not apparent in L2 where calculated 
inputs exceeded export by 5.33 g.m-2.y-1 (but see Discussion). Annual 
export of DOC in stream water (28.68-37.75 g.m-2) was highest from the 
control catchment (L2), and lowest from L3 (Table 3.4.). 
Table 3.4. Mean annual concentrations and fluxes of DOC Inputs via 
rainfall, throughfall, stemflow and soil water, and outputs in stream 
water for catchments L2 (control), Ll (5 yr post v-blading) and L3 (2 yr 
post v-blading) between August 1986 and July 1987. Where appropriate, 
soil water DOC concentrations were calculated for undisturbed A and G 
horizons (both combined), v-blade mounds and v-blade tracks. Mean DOC 
concentrations in stream water were calculated from flow duration data 
and DOC:dlscharge regressions. Numbers in parentheses are 2 sr. -, not 
applicable. 
Con~~ 
g.m 
L2 
Flux 
g.m- Z.y-l 
Rainfall and vegetation inputs: 
Rain 
Throughfa 11 
1.0 
(0.2) 
manuka 17.9 
pine 
scrub 
Stemflow 
(3.6) 
manuka 46.0 
(9.3) 
pine 
Total vegetation 
inputs 
Soil water inputs: 
A + G 
mounds 
tracks 
35.6 
(2.5) 
Total soil water 
inputs 
outputs: 
Stream water 31.2 
2" 19 
12.91 
40.20 
53.11 
43.08 
43.08 
37.75 
Ll 
Cone Fl ux g.m-~ g.m- Z.y-l 
1.0 
(0.2) 
17.9 
(3.6) 
6.5 
(1. 4) 
12.7 
(3. 1 ) 
46.0 
(9.3) 
7.9 
(I. 7) 
31.3* 
(2.2) 
38.1 
(3. I ) 
1.0 
(0.2) 
29.8 
2.19 
4.13 
1.20 
10.62 
12.87 
0.10 
28.91 
20.48 
8.15 
0.31 
28.94 
33.38 
1.0 
(0.2) 
34.2 
(2.3) 
36.8 
(4.9) 
1.0 
(0.2) 
24.1 
L3 
Flux 
g.m- Z.y-l 
2 .19 
13.58 
14.61 
0.40 
28.59 
28.68 
*, mean DOC concentration in water from undisturbed soil under scrub. DOC 
flux through undisturbed soils in Ll was adjusted for the proportion 
of rain falling through manuka forest (13.78 g.m- 2.y-l) and scrub 
between v-blade mounds (6.70 g.m- Z.y-l). 
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3.4. DISCUSSION 
Sources of DOC 
Between August 1986 and July 1987, inputs of DOC from vegetation 
were almost twice as high to the control (L2) as to catchment Ll (v-bladed 
and planted with pines in 1982). At LI, manuka forest covered only 3.2 of 
the 10 ha but accounted for about 59 % of total inputs from vegetation. 
An important contributor to the high DOC concentrations of manuka stem 
leachates may have been the large population of scale insects which infest 
trees and excrete honeydew that can contain up to 81 % sugar (Gaze & 
Clout, 1983). Season, rainfall intensity and rainfall duration were major 
factors influencing concentrations of DOC in stemflow and through fall. 
This is probably because exudates such as honeydew are produced 
seasonally, and leachates are diluted by rainfall. Mulholland (1981) also 
reported seasonal variations in organic carbon concentrations in throughfall 
and stemflow from maple, ash and gum trees in Creeping Swamp, North 
Carolina, and attributed them to the growth cycle of the trees. 
Despite low levels of DOC in stemflow and throughfall entering the 
developed area of Ll (i.e., via pine and scrub), mean DOC concentrations in 
soil water were only slightly lower than at the control catchment. Indeed, 
DOC concentrations in soils at L2 were remarkably similar to undisturbed 
soils at L3 where inputs via throughfall and stemflow were negligible 
because of sparse vegetation cover. Soils at LREA appeared to be able to 
generate considerable amounts of DOC from within, presumably through 
decomposition of soil organic matter by microbes. Mean DOC concentrations 
of water in v-blade mound soils at Ll and L3 were slightly higher than in 
undisturbed soils between mounds. V-blade mounds contain much woody 
material, including branches and stems buried after crushing and burning, 
and these are probably sources of additional DOC. 
Implicit in my calculations of total soil water DOC inputs (see Table 
3.4.) is the assumption that all rain water not lost through interception, 
transpiration or evaporation (and not falling on to v-blade tracks) passes 
through soils before entering the stream channel. Although this is likely to 
be correct at Ll and L3 where v-blade mounds are always unsaturated 
(Jackson, 1987) and where rain water falling on to undisturbed soils is 
effectively impounded between mounds, it may not always be the case in 
the control catchment. The water table at L2 rises Quickly during rainfall 
(usually only 1.0-2.0 cm resaturates the soil) and large surface pools which 
50 
can cover up to 50 % of the land are formed (Jackson, 1987). Water moves 
slowly between pools through and under surface vegetation, and much 
presumably enters stream channels without passing through soil horizons. 
Thus, only a small proportion of the DOC flux attributed to soil water at 
L2 may in fact come from that source, and total soil water inputs to the 
catchment are likely to be over-estimated. This might partly explain the 
contrasting findings that DOC input exceeded export at L2 but not at L1. 
DOC in stream water 
Maximum DOC concentrations recorded in streams draining the three 
Larry River catchments (38-41 g.m-3) were slightly lower than the maximum 
of 47 g.m-3 cited by Gorham et al. (1984) for some North American 
peatland waters. In the present study, concentrations were least variable in 
the control stream and most variable in the stream draining the more 
recently developed catchment (L3). L2 and L3 streams also had the highest 
(31.2 g.m-3) and lowest (24.1 g.m-3) mean annual DOC concentrations, 
respectively, indicating that development had marked effects on their DOC 
dynamics. 
DOC:discharge relationships showed the same pattern in all streams; 
DOC increased with discharge up to about 1.0 I.s-l and thereafter a 
negative relationship was found. Several workers have reported significant 
positive correlations between DOC and discharge (e.g., McDowell & Fisher, 
1976; Meyer & Tate, 1983; Grieve, 1984), apparently because of increased 
leaching of organic matter from vegetation and soils by rainfall. Others 
have noted negative correlations (e.g., Fisher, 1977; Clair & Freedman, 1986), 
whereas Hobbie & Likens (1973) found no "obvious overall relationship" 
between DOC and discharge in two Hubbard Brook streams. To my 
knowledge, the only other worker to document positive and negative 
correlations at the same site is Mulholland (1981) who found that organic 
carbon (DOC + fine particulates) in Creeping Swamp increased during 
storms, but that seasonal variations overrode the effects of floods and 
resulted in an overall negative relationship. 
The two relationships found at the LREA sites can be attributed to 
changing hydrological pathways. At peak flows, a large proportion of water 
entering the L2 stream comes from overland flow (discussed in previous 
section) and as a result it is likely to be lower in DOC than soil water. At 
LI and L3 on the other hand, DOC concentrations in stre.am water during 
periods of high flow are low probably because a large proportion of the 
runoff comes from bare v-blade tracks where the potential to pick up DOC 
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is low. As discharge declines, the proportion of water entering streams 
from the soil increases and DOC concentration will rise again. However, as 
flows drop below 1.0 I.s-I, some water may pass through B horizons where 
organic carbon can precipitate out (Ross et al., 1977). This results in a 
lowering of stream water DOC concentration during very low flows. 
Differences in DOC:discharge relationships between Ll and L2 can be 
attributed to greater DOC inputs from vegetation and soil water at the 
latter site, and low-DOC water entering the stream at Ll from v-blade 
tracks. The higher slope and intercept of the high flow DOC:discharge 
equation for L3 may be a consequence of the greater contribution of soil 
water DOC at flows less than between 1 and about 8 I.s-l, and higher 
inputs of low-DOC water from v-blade tracks at flows greater than that. 
A major problem when estimating DOC export from relationships with 
discharge is that regression equations may account for only a small 
proportion of the variation in stream water DOC concentration. Discharge 
explained over half of the variation in DOC concentration in low and high 
flow data sets at L3, but r2 values at Ll and L2 were much smaller, 
particularly for low flow data sets. Grieve (1984) found that inclusion of a 
seasonal variable markedly improved regressions (from r2 = 0.39 to r2 = 
0.82) for a moorland stream in Scotland. However, no seasonal trends in 
stream water DOC were apparent in the prescnt study, and the reasonably 
strong DOC:discharge relationship detectcd at L3 suggests that poor 
correlations were related more to differences within catchments. An 
important factor may have been that DOC concentrations were higher on 
the falling limb of the hydrograph than on the rising limb at equivalent 
discharges for a given storm event, sometimes by as much as 20 g.m-3 (as 
indicated by two storms analysed in December and January). This is the 
reverse of hysteresis effects reported by Schlesinger & Melack (1981) who 
suggested that organic carbon concentrations are likely to be higher on the 
rising limb. The finding of a greater DOC concentration on the falling 
limb supports the hypothesis that more water is derived from soils as stream 
flows drop. 
52 
Export 0/ DOC 
A critical factor affecting calculation of mean annual DOC 
concentration in stream water was the proportion of time spent in the 
lowest flow size class. For almost half the study period, flows at L3 were 
less than 0.2 I.s-l, and DOC concentration averaged 16.2 g.m-3. 
Consequently, the L3 stream had the lowest annual DOC export (28.68 
g.m-2). In contrast, 37 % of the time was spent in the lowest flow size 
class at Ll but only 14 % of the time at L2 (FRI, pers. comm.) which had 
the highest DOC export (37.75 g.m-2.y-l). Because all flow size class means 
less than 1.0 l.s- 1 at Ll and L2 were averaged to estimate low flow DOC 
fluxes, mean annual DOC concentrations in these streams might have been 
overestimated slightly. 
Annual DOC export in upland clearwater streams in North America 
rarely exceeds 3 g.m-2 (see Tate & Meyer, 1983), but values in brownwater 
streams are much higher. For example, McKnight et al. (1985) estimated 
DOC export of 8.4 g.m-2.y-l from Thoreau's Bog, Massachusetts (mean DOC 
= 35 g.m-3), whereas Clair & Freedman (1986) calculated DOC export of 
5.1-13.6 g.m-2.y-l for four brownwater streams in Nova Scotia, Canada. 
Naiman (1982) suggested that upstream beaver activity may have contributed 
to the very high DOC export (48.38 g.m-2.y-l) recorded from Beaver Creek 
in Quebec. Mulholland & Kuenzler (1979) described a linear ,relationship 
between runoff and total organic carbon (on average about 93 % DOC) 
export in wetland waters of North Carolina that was considerably different 
from the relationship for 9learwater streams draining upland catchments, 
and Meyer (1986) found that DOC export and runoff from two "blackwater" 
rivers in Georgia, southeastern United States, had a similar linear 
relationship. Adding data from several other studies (including the present 
one) to those of Meyer (1986) and Mulholland & Kuenzler (1979) yields the 
following equation that describes the relationship between runoff (cm) and 
DOC export (g.m-2.y-l) in brownwater streams (Fig. 3.8.): 
(13) Export = 0.13 Runoff + 1.23 r2 = 0.66 
The slope and intercept of this equation are slightly higher than those 
given by Mulholland & Kuenzler (1979) (0.12 and 0.72, respcctively), but 
suggests that the relationship bctween these parameters is universally 
predictable. 
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Figure 3.8. Relationship between DOC export and runoff from catchments 
(mostly wetland) giving rise to brownwater streams and rivers. Data come 
from the present st~dy. Mulholland & Kuenzler (1979). Schlesinger & 
Melack (1981). Naiman (1982). Grieve (1984). McKnight et a1. (1985). 
Clair & Freedman (1986). and Meyer (1986). 
DOC mass balance 
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The difference between total DOC input and export represents the net 
balance between in-stream losses and production. Losses of DOC can occur 
through microbial uptake (Lock & Hynes, 1976; Kaplan & Bott, 1983), 
abiotic adsorption to surfaces (Dahm, 1981; Weber et al., 1983), and through 
precipitation (Lush & Hynes, 1973; Petersen, 1986), whereas DOC can be 
produced by leaching, secretion and excretion of soluble compounds from 
algae, macrophytes and leaf litter which occur in the stream channel (e.g., 
McDowell & Fisher, 1976; Mulholland, 1981). In the present study, direct 
inputs of allochthonous litter would not have been important because the 
only stream with overhanging vegetation (L2) ran underground for much of 
its length (see Section 2.2.2.). 
The only potential in-stream sources of DOC evident at L3 were algae 
on stones and rushes growing in the channel, but they were not abundant 
and therefore were unlikely to have contributed significantly to DOC flux. 
Thus, it is not surprising that no net difference between total DOC inputs 
and exports was recorded at L3. In contrast, vegetation (mostly moss) filled 
much of the stream channel at Ll where up to 13 % of DOC exported may 
have come from bryophytes and associated algae in the stream channel. 
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DOC fluxes calculated for the control catchment indicated that the stream 
was a net receiver of DOC, but it should be remembered that estimates of 
inputs to the L2 stream may have been subject to error because of the large 
amount of overland flow entering the stream channel during storm events 
(discussed earlier). 
Effects of catchme1lt development 011 DOC dY1lamics 
Despite destruction of manuka forest, an important source of DOC, 
developed catchments appeared to generate considerable amounts of DOC 
within their soil profiles. This material was presumably derived from 
decomposing organic matter which would have been supplemented by 
branches and stems buried during v-blading. Overall, however, total DOC 
inputs to the Ll and L3 streams were much lower than to the control, and 
this is undoubtedly a reflection of vegetation removal and drainage works. 
Of particular importance appeared to be the mounding of soil during 
v-blading, a practice which effectively transformed one third of the 
catchment area from uncompacted soil (apparently the major source of DOC) 
to impermeable v-blade tracks where potential DOC sources were few. 
Meyer & Tate (1983) also reported reduced DOC inputs to a stream at 
Coweeta two years after clear-cutting, and attributed this to lower inputs 
from riparian vegetation, subsurface water, and in-stream DOC sources. 
Amounts of DOC exported in stream water were highest from the 
control and lowest from the more recently developed catchment. Similarly, 
Meyer & Tate (1983) reported that DOC exported from a Coweeta catchment 
clear-cut two years previously was only 70 % of that exported from the 
reference watershed even though runoff was similar. On the other hand, 
Hobbie & Likens (1973) found that DOC export was similar in developed 
(clear-cut 3-4 years before the study) and undisturbed catchments in Oregon, 
despite a 26 % increase in runoff from the clear-cut site, and Dahm (1980; 
cited in Meyer & Tate, 1983) reported an increase in DOC export from a 
clear-cut catchment in Oregon. Comparisons between L1 and L3 suggest 
that the time elapsed since development was a significant factor influencing 
DOC dynamics, an observation that is consistent with Dahm's finding that 
the effects of development on DOC export diminished as time progressed. 
He found that three years' after clear-cutting, export was only 37 % greater 
than before deforestation whereas it was 190 % greater in the second year. 
In the present study, DOC export was 88 and 76 % of control levels five 
and two years respectively, after v-blading. 
Although development did not greatly affect total amounts of runoff 
leaving the catchments during the 12 month study period, pathways of 
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water entering streams were altered. L3 was much more responsive to 
rainfall than the other catchments (Jackson, 1987), and v-blade tracks 
rapidly transported water to the stream channel during storms. This runoff 
had little opportunity to pick up DOC from tracks or from the stream 
channel and was discharged from the catchment rapidly with little apparent 
net change in DOC concentration. At Ll, however, retention of a relatively 
small area of manuka forest at the head of the catchment and growth of 
mosses in the stream channel appeared to mitigate some of the effects of 
v-blading on DOC dynamics. The increase in DOC export with time after 
development can be seen, in part, as steps in catchment succession following 
deforestation and indicate that, with the retention of an upstream buffer 
zone, DOC dynamics can approach pre-disturbance levels within five years. 
CHAPTER 4 
CHEMISTRY OF WESTLAND STREAMS 
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4.1. INTRODUCTION 
Several workers have found strong relationships between the chemical 
nature of stream water and distributions of benthic invertebrates (e.g., 
Egglishaw & Morgan, 1965; Minshall & Minshall, 1978). Studies into the 
acidification of freshwater ecosystems by acid rain have highlighted the 
deleterious effects of low pH and its associated chemistry on aquatic life in 
the Northern Hemisphere (see Haines, 1981 and Dillon et al., 1984). A major 
consequence of acidification in many streams has been the mobilisation of 
toxic aluminium (AI) species into the water column at concentrations which 
have proved fatal to many fish species. Labile (inorganic) monomeric Al is 
generally the toxic fraction whereas organically bound Al is essentially 
non-toxic (Driscoll et al., 1980; Odonnell et al., 1984). Concentrations of 
inorganic monomeric Al grea ter than 100-200 mg.m-3 are considered lethal to 
many fish species (Baker & Schofield, 1982; Mason & Seip, 1985), but data on 
other animals are limited. 
A survey of streams and rivers on the west coast of New Zealand's 
South Island showed that many had low pH (often < 5) and high 
concentrations of total Al (Winterbourn & Collier, 1987). Indeed, the most 
acidic and AI-rich streams drained catchments LI, L2 and L3 (Sites 2, d and 
e in Winterbourn & Collier (1987» where annual DOC export (g.m-2 of 
catchment area) is amongst the highest recorded in the world (see previous 
chapter). In the present chapter, I discuss further work on the 
interrelationships of several chemical variables (pH, alkalinity, DOC, 
conductivity and aluminium) at stream sites in North and South Westland, and 
report on the speciation of aluminium in some of these waters. The 29 
North Westland sites were on streams draining the Larry River and 
Craigie burn pakihi terrace~ (see Fig. 2.2.), large areas of which have been 
developed by v-blading since the 1970s. In the South Westland part of the 
study, five streams (Sites 29, 30, 31, 33 and 34 of Winterbourn & Collier 
(1987» draining undeveloped catchments (see Fig. 2.3.) were sampled 
bimonthly for one year to determine any seasonal variations in water 
chemistry. 
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4.2. METHODS 
4.2.1. Sampling Protocol 
Field surveys of the North Westland sites were undertaken in November 
1986 and May 1987. Water samples (250 mt) were collected for chemical 
analysis and spot water temperatures were recorded on both dates. 
Streambed stability (see Pfankuch, 1975) and channel width were measured in 
May only. Aliquots of water (25 ml) for analysis of total reactive AI were 
collected concurrently with other water samples from all North Westland 
sites except LI, L2 and L3 where 1.85 I samples were taken for 
fractionation of AI. Sites 1-20 and LI-L7 were sampled on both occasions 
whereas Sites 21, 22 and 23 were sampled in May only. Sampling in 
November was preceded by a 26 day period with little rainfall (7.3 cm at 
LREA) and consequently discharges were much lower than in May. 
Water samples for general chemical analysis (I l) and fractionation of 
Al (L85 l) were collected from the five South Westland streams on six 
occasions, at approximately two-monthly intervals between March 1985 and 
February 1986. Stream discharges and water temperatures were measured 
concurrently. Brownwater and clearwater streams were usually sampled 
on consecutive days. 
4.2.2. General Chemical Analyses 
All water samples were collected in opaque, polyethylene bottles and 
stored in the dark at 50 C until analysis could be undertaken. Water pH was 
measured within six hours of sample collection with a Metrohm E488 meter 
(South Westland sites) or within two days with a Metrohm E512 meter (North 
Westland sites). Readings with the latter meter compared favourably (mean 
difference = 0.16 pH units, maximum = 0.6) with in-stream measurements 
obtained from 21 sites in the May survey using a Jenway 3060 portable pH 
stick, indicating that the two day interval between collection and 
measurement had little effect on pH. All meters were fitted with glass 
electrodes and were standardised immediately prior to use with pH 4 and pH 
7 buffer solutions. 
Other chemical analyses were carried out within a week of sample 
collection except that the September samples from South Westland were 
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frozen for four weeks before analysis. Conductivity was measured with a 
Radiometer CDM 2E met~r and readings were converted to equivalent values 
at 250 C using the appropriate conversion factors in Table 3.1. of Golterman 
(1969). Alkalinity was determined in 50 ml (North Westland) or 100 ml 
(South Westland) aliquots of water by titration with 0.025 N HCI to pH 4.5 
(Mackereth, 1963). DOC concentration was measured on filtered (0.45 Jim) 
subsamples of water (25, 50 or 100 ml, depending on suspected concentration) 
using the heat-by-dilution dichromate oxidation procedure described in Section 
3.2.1. 
4.2.3. Aluminium Analyses 
Fractionation procedure 
Three fractions of aqueous AI were extracted and measured (see below 
for methodology): total reactive AI, total monomeric Al and labile monomeric 
AI. The difference between total monomeric Al and labile monomeric Al 
gives a measure of non-labile monomeric AI, and the difference between 
total reactive Al and total monomeric Al represents acid-soluble Al (Fig. 
4.1.). Labile monomeric Al is comprised of free aquo-AI as well as inorganic 
complexes whereas non-labile monomeric Al is thought to consist 
predominantly of monomeric alumino-organic complexes (Driscoll, 1984). 
Acid-soluble Al is believed to include colloidal Al and extremely non-labile 
organic complexes. 
All Al fractions were determined from a single volume of water 
removed from the stream at anyone time. Total reactive Al was measured 
on subsamples of water (5 or 10 ml) which had been filtered (0.45 lim) on 
site using a Millipore apparatus and acidified to pH 1-2 with concentrated 
nitric acid. Acidification is believed to convert less reactive forms of AI, 
such as colloidal Al and strongly bound alumino-organic complexes, to faster 
reacting forms (Barnes, 197 5). However, opinions differ regarding the length 
of time required before conversion is complete. Barnes (1975) recommended 
that acidified solutions should be kept for two weeks before extraction, but 
other workers including Driscoll (1984) and Seip et al. (1984) have used much 
shorter periods (1 hour and 24 hours, respectively). In the present study, 
acidified solutions were allowed to stand for at least three days before total 
reactive Al was extracted. 
Total monomeric Al was extracted in the field immediately after water 
samples (5-10 mt) had been collected and filtered (0.45 Jim). Several 
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methods have been used to separate labile and non-labile monomeric Al 
fractions, but the most w~dely used technique employs a cation exchange 
resin which adsorbs the labile monomeric fraction as the water sample passes 
through the exchange column; concentrations of this fraction are calculated 
by difference between total monomeric Al and non-labile monomeric Al 
which passes through the exchanger (Driscoll, 1984). This technique has a 
number of drawbacks, however, a major problem being that sample pH may 
be altered during passage through the column if the ionic strengths of the 
sample and exchange resin differ (Driscoll, 1984). For this reason, I 
concluded that the column method should not be used for making 
comparative analyses of water samples whose pH and ionic strength were 
likely to vary within and between sites. 
LaZerte (1984) described an alternative method of separating labile and 
non-labile monomeric Al by equilibrium dialysis with Spectropor 6, 1000 mwt 
cut-off, dialysis tubing. Although he suggested that small Al-fulvic acid 
complexes « 1000 mwt) may be able to penetrate the dialysis tubing, 
Lalande & Hendershot (I 986) found tha t this technique clearly diff eren tiated 
between monomeric fractions in water containing fulvic acid and leaf litter 
leachate. The equilibrium dialysis method was used to separate the labile 
and non-labile monomeric Al fractions in the present study. Dialysis was 
started soon after sample collection except on two occasions (March and May 
1985; South Westland sites) when water was frozen until the dialysis tubing 
became available. Tubing was filled with deionised water and placed in 1.85 
I containers of sample water at 200 e for 24 hours (LaZerte, 1984) after 
which aliquots (10 m/) of dialysate were extracted. 
Extraction procedure 
Aluminium was extracted from water samples using the procedure of 
Barnes (1975) as modified by LaZerte (1984) to enable extraction from small 
sample volumes. Duplicate extracts were taken from all South Westland 
samples and from Sites Ll, L2 and L3; single extracts were taken from all 
other samples. 
The oxine reagent of Barnes (300 pI) forms complexes with reactive Al 
and was mixed with filtered (0.45 )lm) aliquots (5 or 10 m/) of water 
containing 2-3 drops of Phenol Red, a pH indicator. The pH of the solution. 
was adjusted to 8.3 by dropwise addition of 5 M ammonium hydroxide 
(correct pH indicated by a red colour change) to minimise interference from 
organics and to eliminate fluoride complexing of monomeric Al (Barnes, 1975; 
May et al., 1979). Finally, 300 pi of Barnes' buffer and 5 ml of 
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Figure 4.1. A schematic representation of the aluminium (Al) 
fractionation procedure used In this study (adapted from 
Driscoll, 1984). 
Table 4.1. Carbon rod atomiser (C.R. 60) settings used for analysing 
aluminium in 10 pl allquots of MIBK extract by flameless atomic 
absorption spectroscopy (Varian Techtron). Settings were obtained from 
'Culver (1975) and were checked by continuously measuring absorbance 
~atterns on a chart recorder. 
Phase 
DRV 
ASH 
ATOMISE 
Voltage 
3.5 
5.0 
8.0 
Time 
(seconds) 
55 
15 
3 
60 
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methylisobutylketone (MIBK) were added to the solution which was shaken 
vigorously for 15 seconds.. The mixture was allowed to separatc and the 
upper phase (MIBK extract) was collected and stored in a freezer prior to 
analysis by flameless atomic absorption spectroscopy (FAAS). 
Extract analysis and laboratory practices 
FAAS was done on a Varian Techtron Model 1200 atomic absorption 
spectrophotometer equipped with a Model 63 carbon rod atomiser set as 
shown in Table 4.1. Ten microlitres of MIBK extract were injected into 
carbon tubes during the drying phase with a 701-N Hamilton syringe. 
Extracts from the South Westland samples and those from Sites Ll, L2 
and L3 were analysed in triplicate; all others were done in duplicate. The 
mean coefficient of variation for 100 samples (two extractions each analysed 
three times) was 13.0 %. Standards (range 0-1000 mg.m-3 AI) were prepared 
as described by Barnes (1975) and were stored in polyethylene bottles until 
required (within two weeks). They were extracted under the same conditions 
(field or laboratory) and with the same chemicals used for streamwater 
extractions, and were run routinely during FA AS. 
All labware used for fractionation and extraction of Al had been soaked 
for at least 24 hours in I % nitric acid and washed twice in double distilled, 
deionised water. Dialysis tubing was stored in 1 % nitric acid, and before 
use, was given two 24 hour soakings in fresh acid before being washed 
thoroughly in high purity water (LaZerte, 1984). Disposable Med-X gloves 
were worn whenever dialysis tubing was handled. Fresh reagents and 
standards were made up prior to each sampling trip using high purity 
chemicals and water. 
4.2.4. Physical Measurements 
Maximum-minimum water temperatures were recorded at the five South 
Westland sites with thermometers kept submerged close to the stream bottom 
in commercial onion sacks anchored with heavy rocks and secured to nearby 
trees. Thermometers were read and reset on each sampling day. 
Discharge of the South Westland streams was estimated by measuring 
the average time (three trials) taken for a cork to travel a known length of 
stream (1-5 m) and multiplying this by mean stream cross-sectional area 
determined at three points. 
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4.3. RESULTS 
4.3.1. North Westland Sites 
General water chemistry 
DOC concentrations at the 29 sites surveyed ranged from 2.7 to 37.2 
g.m-3 and were higher in May than November at 23 of the 26 sites sampled 
twice (mean difference = 6.2 g.m-3, maximum = 16.9 g.m-3; Table 4.2.). 
Nevertheless, the rank order of DOC values was almost the same between 
surveys (rs = 0.88). Lowest DOC concentrations « 5.6 g.m-3) in both 
surveys were recorded at Sites 9 and 12, clearwater streams originating in 
hills above the Craigieburn pakihi (Fig. 2.2.). Streamwater pH was also 
highest at these sites (> 6.4) in both surveys. At most other sites, pH was 
less than 6.0 and a minimum of 4.1 was recorded for three pakihi terrace 
streams in May (Sites 16, 17 and LI; Table 4.2.). Streamwater pH differed by 
an average of 0.4 units (maximum difference = 1.1 units) between surveys, 
but as with DOC, the rank order of sites was almost the same (rs = 0.89). 
All North Westland sites had low alkalinity and conductivity « 6.4 
g.m-3 CaC03 and < 5.0 mS.m- 1, respectively; Table 4.2.). In the May survey, 
14 sites had no measurable alkalinity whereas only seven had ·zero alkalinity 
in the November survey. Conductivity was lowest on both dates at Sites 13 
and 14, pakihi terrace streams bordered by Pinus radiata and Pseudotsuga sp. 
trees, and highest in streams draining the upper terrace of the Larry River 
pakihi (Sites Ll, L2 and L3). All chemical parameters were intercorrelated 
strongly (P < 0.001) except for conductivity which showed weaker associations 
(Table 4.3.). DOC was correlated significantly and negatively with pH and 
alkalinity but positively with conductivity. 
Aluminium chemistry 
Total reactive Al concentration ranged from 48 to 911 mg.m- 3 in 
November, but in May the maximum concentration recorded was much lower 
(539 mg.m-3). This was despite Al concentrations being higher in May at 18 
of the 26 sites sampled twice (Table 4.2.). In both surveys, concentrations 
were lowest « 100 mg.m-3 AI) in two circumneutral, clearwater streams 
(Sites 9 and 12), whereas levels were highest in November at Sites 8 and L5, 
both acidic, brownwater streams draining pakihi catchments. Total reactive 
Al was correlated significantly and positively with DOC but negatively with 
pH and alkalinity (Table 4.3.). 
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Concentrations of labile monomeric AI at Sites LI, L2 and L3 ranged 
from 19 to 76 mg.m-3 in I:'!ovember when stream discharges were very low, 
and from 55 to 58 mg.m-3 in May when flows were up to two orders of 
magnitude higher (Fig. 4.2.). In November, measured amounts of AI in total 
monomeric extracts exceeded those of total reactive AI at two of the three 
sites, indicating that the total monomeric fraction had become contaminated, 
probably during field extractions. In contrast, 38-63 % of total reactive Al 
was in the monomeric (labile + non-labile) form in May when acid-soluble AI 
concentrations were between 125 and 204 mg.m-3. Concentrations of 
non-labile monomeric AI were less than 155 mg.m-3 in May (Fig. 4.2.). 
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Figure 4.2. Concentrations (x + 2 SE, n = 6) of total reactive 
aluminium (open bars), total monomeric aluminium (closed bars) and 
labile monomeric aluminium (stippled bars) in water samples 
collected from sites Ll, L2 and L3 (North Wystland) in November 
1986 and May 1987. stream discharges (l.s· ) at the time of 
sampling are given above histograms. *, samples contaminated. 
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Table 4.~. Water temperatures and chemical data from the 29 North Westland sites 
sampled In November 1986 (N) and May 1987 (M). -, not sampled; *, no data. 
Water Alkalinity DOC conductivity Total temperature pU (g.m- Ca(03) (g.m- 3) 
Site (0C) (mS.m- ) reactlve Al 
N M N M N M N M N M 
(mg.m- 3) 
N 
I 14 10 6.0 5.2 3.8 1.3 7.8 17.4 * 2.7 135 2 16 10 6.1 5.4 4.1 1.6 11.1 20.1 3.4 3.0 206 3 19 10 6.3 6.3 5.0 3.4 5.7 11.9 3.4 2.9 127 4 24 9 4.7 4.8 0.9 0.3 13.2 14.8 2. I 2.3 172 5 15 10 4.8 4.8 0.9 0.3 10.5 11.7 1.9 2.1 223 6 19 10 4.7 4.7 0.6 0 10.2 13.3 1.8 2.2 228 7 25 10 4.6 4.6 0.3 0 15.6 18.8 2.0 2.2 453 8 22 II 4.7 4.5 0.3 0 18.6 22.5 2.9 3. I 911 9 15 10 6.5 6.5 5.3 5.0 2.9 5.2 3.4 3.1 48 10 23 12 4.5 4.4 0 0 11.3 22.9 3.4 3.0 663 II 21 12 4.8 4.6 0.3 0 7.2 11.7 2.3 2.3 286 12 11 9 6.6 6.5 6.3 4.4 2.7 5.5 3. I 3.0 50 13 27 11 5.2 4.7 0.9 0.6 5.7 11.3 1.6 2.0 117 14 25 II 5.1 4.7 1.3 0.3 7.3 11.6 1.6 2.0 141 15 16 10 5.9 4.8 ' 2.2 0.6 10.8 17.3 2.4 2.2 188 16 22 10 4.4 4.1 0 0 22.8 24.6 3.3 3.0 346 17 25 II 4.4 4.1 0 0 20.4 29.4 3. I 3.6 304 19 15 10 5.6 4.6 2.5 0 16.5 25.7 3.2 2.8 252 20 II 9 6.6 6.1 * 2.2 * 10.2 * 2. I 149 21 10 5.8 1.6 15.4 2.6 
22 10 6.0 2.2 15.7 2.6 
23 10 4.6 0 20.2 2.7 
1I 26 10 4.3 4. I 0 0 34.7 24.9 3.7 4.7 634 l2 13 9 4.2 4.2 0 0 37.2 20.3 4.4 4.6 461 
l3 27 10 4.9 4.3 0.9 0 9.1 17.5 2.2 4.9 289 l4 31 14 4.6 4.2 0 0 21.8 29.4 3.2 3.9 524 l5 27 II 4.3 4.4 0 0 28.5 31.1 3.2 3.9 898 l6 16 10 6.4 5.4 4. I 1.3 9.6 18.4 2.9 2.3 171 
17 15 10 5.2 4.9 0.9 0.6 14. I 18.3 2.2 2.4 278 
Table 4.3. Matrix of correlation coefficients between all physicochemical 
param~ters measured at the North Westland sites in November 1986 and May 1987. 
Means of chemical parameters from both surveys and summer water temperatures 
(I.e., maxima) were used. All coefficients are for product moment correlations 
except for rank order of catchment development (Rank; see Table 2.1.) where 
Spearman correlations were calculated. Transformations were done on stream 
width, pit (both log (x)) and alkalinity (log (x+l)) to give best approximations 
to normality. *, P < 0.05; **, P < 0.01; ***, P < 0.001. 
Conduct- Total Channel Streambed Temper-
Alkal inlty DOC ivlty reactive width stability ature Rank 
. Al 
pit 0.97*** -0.74*** -0.27 -0.71*** 0.61*** O. 17 -0.67*** -0.51** 
Alkalinity -0.71*** -0.17 -0.73*** 0.63*** 0.18 -0.66*** -0.50** 
DOC 0.63*** 0.74*** -0.53** -0.14 0.41* 0.24 
Conductivity 0.31 -0.36 0.21 0.11 0.07 
Total reactive aluminium -0.47* -0.31 0.54** 0.54** 
Channel width -0.10 -0.40* -0.45* 
Streambed stabllity 0.25 0.11 
Temperature 0.78*** 
M 
386 
443 
331 
393 
450 
465 
394 
493 
97 
321 
420 
91 
331 
439 
329 
346 
271 
449 
210 
329 
329 
470 
334 
328 
325 
530 
539 
325 
406 
Physical factors 
Streamwater tempera~ures at the North Westland sites ranged from 11 
to 31 0 C in the November survey and were highest in streams draining 
developed catchments of the Larry River pakihi (Table 4.2.). In the May 
survey, water temperatures were lower and fairly similar at all sites (range 
9-14°C). Stream channel widths (Table 2.1.) ranged from 1 m at Sites L2 
and L3 on the upper terrace of the Larry River pakihi to 24 m for 
Craigieburn Creek (Site 22) which receives most of the drainage from the 
Craigie burn pakihi. 
Pfankuch (1975) streambed stability ratings which give more stable 
beds lower scores were highest (56) for Site L4 which drains a catchment 
developed in 1982-83, and lowest for three streams (Sites 5, 8 and 19) 
draining catchments on the Craigieburn pakihi (Table 2.1.). 
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At the North Westland sites, most of the chemical parameters measured 
were correlated significantly with physical aspects of the streams (Table 
4.3.). The smallest streams (i.e., narrowest channel widths) tended to be 
more acidic and had higher DOC and total Al concentrations than larger 
sites. Streams draining more recently developed catchments tended to be 
the smaller ones and most had higher summer water temperatures than those 
draining undeveloped catchments. No chemical factors were correlated 
significantly with streambed stability. 
4.3.2. South Westland Sites 
General water chemistry 
Water from Hidden Creek and Toilet Stream had the highest pH, 
alkalinity and conductivity, but the lowest DOC concentrations (Fig. 4.3.). 
Water pH was always above 7.0 and alkalinity above 41.4 g.m-3 CaC03, 
except in September when pH in Hidden Creek was 6.6 and in May when 
alkalinity in Toilet Stream was 12.6 g.m-3 CaC03' At the clearwater sites, 
the lowest conductivity reading (3.7 mS.m- l ) and the highest DOC value (4.7 
g.m-3) were recorded in May in Toilet Stream. On all other dates, 
conductivity in Hidden Creek and Toilet Stream ranged from 11.7 to 22.3 
mS.m- 1 and DOC concentration was between 0.3 and 1.8 g.m-3. 
In water samples from Steep Creek and Suspect Stream, pH ranged 
from 4.3 to 5.7, alkalinity never exceeded 2.3 g.m-3 CaC03, and conductivity 
was between 2.5 and 4.1 mS.m- l . DOC concentrations were always high (> 
6.5 g.m-3) at these two brownwater sites with a maximum of 16.3 g.m-3 
recorded in January (Fig. 4.3.). Concentrations of DOC recorded on the six 
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dates were less variable in Steep Creek and Suspect Stream (CY = 30 and 22 
%, respectively), than in Hidden Creek (CY = 50 %) or Toilet Stream (CY 
91 %), but alkalinity varied most at the two brownwater sites (Table 4.4.). 
Chemical parameters in Mapourika Creek almost always fell between 
those of the other two pairs of sites on equivalent sampling dates (Fig. 4.3.). 
Mapourika Creek pH varied between 5.4 and 7.1, alkalinity and conductivity 
ranged from 2.7 to 23.0 g.m-3 CaC03 and 2.1 to 7.9 mS.m- l , respectively, 
and DOC concentrations never exceeded 8.4 g.m-3. All measured chemical 
parameters including conductivity were intercorrelated strongly (P < 0.001) at 
the South Westland sites. DOC concentration was associated negatively with 
pH, alkalinity and conductivity (Table 4.5.). 
Aluminium chemistry 
Highest concentrations of total reactive Al and total monomeric Al 
were recorded in Suspect Stream (maxima 363 and 217 mg.m-3, respectively), 
followed by Steep Creek and Mapourika Creek (Fig. 4.4.). In Hidden Creek 
and Toilet Stream, measured amounts of total reactive Al never exceeded 84 
mg.m-3 and monomeric Al was in the range 19-47 mg.m- 3. Labile 
monomeric Al concentrations were similar at all sites on equivalent sampling 
dates, but were always slightly higher in Steep Creek and Suspect Stream. 
Highest concentrations of this fraction were recorded in the September 
sample when values for all sites ranged from 36 to 50 mg.m-3 (Fig. 4.4.). 
A feature of the most acid streams (Steep Creek and Suspect Stream) 
was the large pool of non-labile monomeric Al (84-178 mg.m-3) which was 
present on all sampling occasions (Fig. 4.4.). In contrast, concentrations of 
non-labile monomeric Al were more variable in Mapourika Creek (28-154 
mg.m-3), and never exceeded 33 mg.m-3 in Hidden Creek or Toilet Stream. 
Acid-soluble Al concentrations fluctuated between 31 and 168 mg.m-3 in 
Steep Creek and Suspect Stream, and between 16 and 145 mg.m-3 in 
Mapourika Creek. However, concentrations of acid-soluble Al were always 
less than 46 mg.m-3 in Hidden Creek and Toilet Stream (Fig. 4.4.). 
Coefficients of variation calculated for all Al fractions over the SIX 
dates ranged from 22 to 85 %, and for most fractions temporal variability 
was least at Suspect Stream (Table 4.4.). Except for hlbile monomeric AI, all 
fractions were intercorrelated strongly with each other and with other 
chemical parameters (Table 4.5.). All Al fractions were related inversely 
with pH, alkalinity and conductivity but positively with DOC. Significant (P < 
0.05) correlations were found between labile monomeric Al and pH, alkalinity 
and total reactive AI. 
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Figure 4.3. Chemical parameters measured on water samples taken 
from the five South Westland sites on six dates in 1985-86. 
Alkalinity and DOC, r ± 2 SE, n • 5; pH and c6nductivity, single 
readings. Error bars are not shown if accomodated within the 
symbol. 0, Hidden Creek; ., Toilet Stream; A, Mapourika Creek; 
0, Steep Creek; ., Suspect Stream. 
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Figure 4.4 Concentrations (x ± 2 SE, n • 6) of total reactive 
aluminium (upper line), total monomeric aluminium (middle line) and 
labile monomeric aluminium (bottom line) measured In water samples 
from the five South Westland streams. The stippled area represents 
non-labile monomeric aluminium. Error bars are not shown If 
accomodated within the symbol. 
67 
Feb. 
Table 4.4. Coefficients of variation (%) calculated from the data obtained on 
six sampling dates for discharge and eight chemical parameters at the five 
South Westland sites. 
Con- Total Acid- Non- Labil e 
Sites 01 s- Alka- duct- react- soluble labile monomeric 
charge pH 1 In ity DOC ivity ive Al mono- Al 
Al meric Al 
Hidden 66 7 15 50 20 35 64 67 84 
Toil et 123 5 41 91 50 32 56 85 77 
Mapourika 124 11 76 63 39 66 78 71 55 
Steep 216 10 82 30 17 35 67 22 57 
Suspect 223 7 139' 22 19 26 32, 29 36 
Table 4.5. Matrix- of product moment correlation coefficients between all 
chemical parameters measured in the five South Westland streams. All 
data were combined and log (x) transformed (alkalinity log (x+l) 
transformed). n e 30 except for alkalinity where n e 25. *. P < 0.05; 
**. P < 0.01; ***. P < 0.001. 
A1kalln-
tty 
pH 0.97*** 
Alkalinity 
Total Acid- Non- Labile 
Conduct- reactive soluble labile monomeric 
DOC Ivity Al Al monomeric Al 
Al 
-0.87*** 0.85*** -0.91*** -0.80*** -0.83*** -0.64*** 
-0.95*** 0.89*** -0.94*** -0.85*** -0.91*** -0.47* 
. 
DOC -0.92*** 0.93*** 0.88*** 0.93*** 0.30 
Conductivity -0.90*** -0.80*** -0.92*** -0.34 
Total reactive Al 0.94*** 0.93*** 0.50** 
Acid-soluble Al 0.86*** 0.33 
Non-labile monomeric Al 0.26 
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Physical factors 
Water temperatures were relatively constant in spring-fed Hidden Creek 
throughout the study (range 8-12°C), but were more variable at the other 
sites where winter minima were 4-SoC and summer maxima ranged from 14 
to 22 0 C (Table 4.6.). Hidden Creek also had a relatively stable flow regime 
(range when sampled 14-67 I.s-I) compared with Toilet Stream (3-260 I.s-I), 
Mapourika Creek (9-225 I.s-I), and Steep Creek and Suspect Stream where 
flows were similar on equivalent sampling days (2-498 I.s-l) (Table 4.7.). 
Although magnitudes of flow differed at the clearwater sites, both streams 
showed similar temporal patterns of discharge. 
Water pH and alkalinity were correlated negatively with discharge at all 
sites whereas labile monomeric Al consistently showed positive (albeit 
sometimes weak) associations with discharge (Table 4.8.). Responses of other 
chemical parameters to flow varied depending on the stream. In Mapourika 
Creek most parameters were correlated strongly with discharge, but at the 
other sites only total reactive Al (Hidden Creek) and pH (Toilet Stream) 
were significantly correlated with discharge. When data from the clearwater 
streams were combined, discharge was correlated significantly with pH, 
alkalinity, total reactive Al and conductivity, but only with the latter 
variable when brownwater stream data were combined (Table 4.8.). 
Conductivity was correlated positively with discharge in the brown water 
streams, whereas a negative relationship was found at the clearwater sites. 
Table 4.6. spot water temperatures and records from maximum-minimum 
thermometers (parentheses) from the five South Westland streams. Units 
are °C. -, no record. 
Sites 
Months Hidden Toilet Mapourika Steep Suspect 
March 12 ( - ) 13 ( -) 12 ( -) 12 ( -) 12 ( -) 
May 11 (8-11 ) 10 (9-11) 11 (10-IS) 12 (6-14) 12 (6-14) 
July 11 (8-11 ) 7 (6-11) 8 (7-12) 8 (S-12) 7 (4-12) 
Sept. 9 (8-12) 9 (6-11) 9 (7-10) 8 (S-9) 8 ( -) 
Nov. 10 (8-10) 14 (S-IS) 12 (S-12) 13 (6-14) 13 (6-13) 
Jan. 12 (-) 12 (9-17) 12 (11-22) 14 ( -) 13 (11-17) 
Annual 
range 8-12 S-17 S-22 S-14 4-17 
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Table 4.7. Discharges (1.s- 1; x (2 SE)) of the five South Westland study 
streams at times of sampling (n e 3). 
SHes 
Months maden Toi let Mapourika Steep Suspect 
March 14 3 9 4 2 (3.2) (0.4) (). 0) (). 6) (0.6) 
May 67 260 225 16 23 
(2.6) (48. I ) (87.0) (3.1 ) (2.6) 
July 14 11 19 4 7 
(3.7) (). 6) (3.6) (2.2) (2.3) 
Sept. 46 181 217 498 494 
(16.5) (10.5) (84.6) (27.1) (55.6) 
Nov. 29 33 16 2 3 
(7.8) (6.0) (4.4) (0.6) (1. 6) 
Jan. 20 32 24 30 4 
(14.8) (5.0) (8.4) (12.0) * 
* n .. I 
Table 4.0. Product moment correlation coefficients for discharge and 
chemical parameters (both log (x) transformed; alkalinity log (x+l) 
transformed) measl,red in the five South Westland streams and for combined 
pairs of clearwater (Uldden Creek and Toilet Stream) and brownwater 
(Suspect Stream and Sleep Creek) siles. n e 6 per site except for 
alkalinity where n e 5. *, P < 0.05; **, P < 0.01; ***, P < 0.001. 
Alk- Con- Total Acid- Non- Labile 
Sites ali n- duet- reaet- soluble labile mono-
pU tty DOC ivity ive Al monomer- meric 
Al ic Al Al 
Hidden -0.67 -0.80 -0.27 -0.67 0.98*** 0.62 0.54 0.01 
Toilet -0.87* -0.77 0.32 -0.63 0.68 0.33 0.08 0.18 
Mapourika -0.98*** -0'. 99*** 0.88* -0.69 0.94** 0.83* 0.89* 0.60 
Steep -0.76 -0.78 0.36 0.60 0.45 0.54 -'0.12 0.50 
Suspect -0.44 -0.52 -0.62 0.71 -0.26 -0.22 -0.49 0.32 
Clear -0.67* -0.70** 0.19 -0.62* 0.67* 0.37 0.20 0.13 
Brown -0.56 -0.59 -0.09 0.65* 0.11 0.23 -0.33 0.38 
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4.4. DISCUSSION 
Chemical composition of Westland stream water 
Findings of this study confirm those of Winterbourn & Collier (1987) 
that brownwater streams in Westland are characterised by low pH, alkalinity 
and conductivity but high DOC and total Al concentrations. The variable 
responses of some chemical parameters to discharge (e.g., DOC, conductivity, 
AI) at the South Westland sites presumably reflect differences in hydrological 
pathways and residence times of rain water in soil profiles (see Bache, 1984). 
In South Westland, chemical parameters responded most predictably to 
changes in flow in Mapourika Creek which is bordered by free-draining, 
alluvial soils (N.Z. Soil Bureau, 1968). In contrast, soils in the head waters 
of Steep Creek and Suspect Stream are slowly-permeable gley podzols and 
hydrological pathways through these are likely to be different and partly 
dependent on antecedent weather conditions. The sampling site in Steep 
Creek was about 500 m from the the head waters where steep valley walls 
presumably contributed rapid runoff to the stream during storms. Water 
entering the clearwater streams in Franz Josef glacier valley was a mixture 
of spring water and runoff from rock surfaces and shallow soil horizons 
which are very well drained (pers. obs.; Stevens, 1968). 
The chemical composition of water entering streams generally reflects 
the make up of the material through which it has passed (Bache, 1983). As 
precipitation percolates through or over soils, its composition is changed by 
relatively rapid cation exchange mechanisms and much slower acid hydrolysis 
reactions (Bache, 1984). The primary agent in hydrolysis is carbonic acid 
which is formed by the equilibration of atmospheric C02 in rain water; it 
decomposes primary minerals releasing ions (most often calcium and 
magnesium) into solution. This process consumes hydrogen ions thereby 
producing bicarbonate and elevating water pH, often to around pH 6-7 
(Henriksen, 1981; Bache, 1984). Ca tion exchange in soils is almost exc1 usi vely 
a property of decayed organic matter and silicate minerals which have 
negative charges and thus adsorb a layer of cations (McFee et al., 1971). 
Adsorbed cations can be interchanged with cations in soil water and this 
process can acidify or neutralise percolating water depending on the cations 
being exchanged (van Breeman et al., 1984), 
Hydrolysis is potentially the major process affecting the chemical 
composition of water draining into Hidden Creek and Toilet Stream where 
large amounts of un decomposed rock (mainly schists) are exposed and soil 
horizons contain little organic matter (Stevens, 1968). These two streams 
had relatively high alkalinities (up to 57.6 g.m-3 CaC03), partly reflecting 
the abundance of bicarbonate ions which are the main buffer in waters of 
circumneutral pH (Reynolds & Neal, 1987). However, in circumneutral 
streams in North Westland, alkalinity is low « 6.4 g.m-3 CaC03), perhaps 
because more of the runoff entering these streams is derived from the soil 
where much of the alkalinity could be neutralised by organic acids. 
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Alkalinity values for acidic streams (pH < 6.0) should be treated with caution 
because the acidimetric titration method used can overestimate bicarbonate 
buffering capacity (Reynolds.& Neal, 1987). 
Nevertheless, the low conductivities of the North Westland sites, and the 
relatively high values obtained for the South Westland clearwater streams 
may partly reflect abundance of the bicarbonate ion. This is supported by 
the strong correlation between alkalinity and conductivity for the South 
Westland sites. The poor correlations between conductivity and most chemical 
parameters at the North Westland sites probably reflect the relatively narrow 
range of conductivities recorded there (1.6-4.9 mS.m- l ) compared with the 
South Westland sites (2.5-22.3 mS.m- I). Conductivity decreased with 
increasing discharge in the South Westland clearwater streams, indicating that 
free ion concentrations were highest during base flow conditions and 
presumably were diluted by rainfall. In contrast, a significant positive 
relationship between conductivity and discharge was found when data from 
the two brownwater sites were combined, suggesting that ions were mobilised 
into the stream water at higher flows. This differs from the findings of 
Pearce & Griffiths (1980) who reported no difference in conductivity or pH 
during storm flow in a brownwater stream in nearby Okarito Forest. 
Reasons for these contrasting results are unclear. 
Most water entering stream channels from pakihis moves laterally 
through upper soil horizons or surface vegetation (Jackson, 1987; Mew & Lee, 
in press) and thus would be expected to make less contact with primary 
minerals than runoff entering glacial valley streams. In pakihi soils, cation 
exchange is likely to be the dominant process affecting the composition of 
water entering streams. Cation exchange in concert with organic acid 
production by microbial decomposition of organic matter, acidifies the water 
and lowers its ionic content (Thurman, 1985) causing low conductivity. The 
importance of organic acids in regulating the acidity of brownwater streams 
is evidenced by the strong inverse correlation detected between DOC 
concentration and pH for both North and South Westland data sets. Both the 
pH and alkalinity of stream water fell as flows increased at all South 
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Westland sites. Reid et al. (1981) also observed this relationship and a 
corresponding rise in organic carbon concentration in a river draining a 
moorland catchment in Scotland, and suggested that more water flowed 
through the upper organic layers during storms. DOC concentration was 
positively correlated with discharge in Toilet Stream, Steep Creek and 
Mapourika Creek, but the correlation was statistically significant only at the 
la tter si teo 
Concentrations and sources 0/ aluminium 
Because of relatively low solubility of Al in the pH range 5-9, 
concentrations of this element in most natural waters are low and values 
considerably less than 1 mg.m-3 have been reported (Odonnell et al., 1984). 
At pH values above 9 and below 5, Al dissolves readily in water and its 
solubility can be enhanced greatly (up to 100 times) by the presence of 
organic ligands (Cronan & Schofield, 1979; Odonnell et al., 1984). Some of 
the highest concentrations of total Al recorded in fresh waters (810 g.m-3) 
were found in ponds acidified to pH < 2 by fumigations from spontaneously 
burning bituminous deposits in northwestern Canada (Havas & Hutchinson, 
1983). 
Total Al concentrations measured in Westland streams ranged from 27 
mg.m-3 in Hidden Creek to 911 mg.m-3 in a pakihi stream on the 
Craigieburn terrace. The latter value is less than the maximum of 1200 
mg.m-3 reported by Otto & Svensson (1983) for acid, brown water streams in 
southern Sweden, but more than the 790 mg.m-3 recorded by Verry (1975) in 
Minnesota bog waters. The maximum total Al concentration reported by 
Winterbourn & Collier (1987) for West Coast waters was 697 mg.m-3 at Site 
Ll in LREA. 
Most Al in stream water is thought to originate in the surrounding 
terrestrial ecosystem (Johnson et al., 1981; Hendershot et al., 1984), although 
experimental additions of acid to streams have shown that some Al can be 
mobilised from streambed sediments (Hall et al., 1980). The capacity of 
DOC to bind with metals such as Al is well known (Reuter & Perdue, 1977; 
Hart, 1981; Rate, 1987), and much of the complexation in soils apparently 
occurs by cation exchange as organic acids are leached from surface humic 
layers and drain through mineral subsoils. The translocation of Al as 
organo-metallic complexes from mineral A horizons and its subsequent 
precipitation in less acid B horizons is believed to contribute to the 
formation of some podzols (Thurman, 1985; Farmer, 1986). Deposition of 
sulphate and nitrate in acid rain is believed to have lowered the pH of some 
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Northern Hemisphere podzol B horizons thereby reducing precipitation of Al 
which can then pass as inorganic complexes to lakes and streams (Cronan & 
Schofield, 1979; Reuss et al., 1987). 
Because most of the water draining undisturbed pakihi soils does not 
contact B horizons but moves laterally through surface vegetation and upper 
soils layers, most Al entering these streams is likely to be organically bound. 
Although Ross et al. (1977) found that total Al accounted for less than 2 % 
of A horizon dry weight in Okarito soils, exchangea ble Al dominates the 
cation exchange complexes of these soils (Mew & Lee, 1981). Additional Al 
could be generated in upper soil horizons adjacent to some brownwater 
streams through plant uptake from lower horizons and wind blown dust, 
especially that generated by v-blading. Sparling (1967) suggested that the 
main source of Al in British and Irish bogs was dust from exposed rocks, 
bare ground and roads, whereas Turner et al. (1985) found that considerable 
amounts of Al were cycled between mineral soils and the forest floor by 
vegetation in a watershed on the New Jersey Pine Barrens. 
Fractionation of aluminium in Westland streams 
Several workers have reported strong positive correlations between DOC 
and total Al concentration in brown waters (e.g., Otto & Svensson, 1983; 
Turner et al., 1985; Clair & Freedman, 1986) and this suggests that most Al 
in humic waters occurs as organic complexes. This hypothesis was supported 
in the present study by the highly significant correlations detected betwecn 
DOC and total AI, non-labile monomeric Al and acid-soluble AI, although the 
latter correlation may indicate grea ter concen tra tions of colloidal Al « 0.45 
)lm) at the South Westland brownwater sites. 
Fractionation of Al in water samples collected on six dates from Steep 
Creek and Suspect Stream, South Westland showed that, on average, 
non-labile monomeric Al comprised 49 % and acid soluble Al 39 % of the 
total. In May 1987 at Sites LI, L2 and L3, these fractions respectively, 
constituted 32 % and 51 % of total AI. The sum of non-labile monomeric 
and acid-soluble Al measured at brownwater sites in Westland (83-88 %) falls 
within the range of organically bound Al (80-90 %) found in some North 
American bog waters (Helmer, 1987; cited in Urban et al., 1987). 
Concentrations of toxic labile monomeric Al wcre low at all sites « 80 
mg.m-3) and overall this fraction represented only 12 % (Steep Creek and 
Suspect Stream) and 17 % (Sites LI, L2 and L3) of total Al in brownwater 
streams. LaZerte (1984) also used the dialysis technique to measure labile 
monomeric Al in some organically-coloured Canadian waters and found that 
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concentrations normally were below 100 mg.m-3, although a maximum of 175 
mg.m-3 was detected during' peak discharge. In contrast, labile monomeric 
Al is the dominant fraction in many Northern Hemisphere clearwater streams 
acidified by acid rain, and concentrations as high as 600 mg.m-3 have been 
reported (Seip et al., 1984; Bull & Hall, 1986). 
As the pH of water drops below about 4.5, complexation of Al with 
organic matter is believed to decrease dramatically and an increase in 
concentration of inorganic ions results (Krug & Frink, 1983; Mason & Seip, 
1985). This process may have been important in regulating labile monomeric 
Al concentrations in South Westland streams where a highly significant 
inverse correlation was detected with pH but not DOC. However, even 
though pH as low as 4.1 was recorded at Site Ll, this process did not 
elevate labile monomeric Al concentrations above 76 mg.m-3. 
Effects of catchment development on streamwater acidity 
Afforestation is known to acidify soils through the uptake of base 
cations and their subsequent export from catchments after logging, but the 
effects of this on streamwater acidity have yet to be established beyond 
doubt (Harriman & Wells, 1985). Some workers have suggested that 
afforestation is likely to acidify surface waters only if mobile anions such as 
sulphate and organics are present to transfer the acidity to drainage waters 
(Nilsson et al., 1982; Reuss et al., 1987). During natural forest growth, 
acidification of soils due to excess uptake of base cations is essentially 
balanced by neutralising processes resulting from mineralisation of the 
organic litter layer (Harriman & Wells, 1985). 
In the North Westland streams, a significant negative correlation was 
found between pH of water and rank order of development; i.e., streams 
draining more recently developed ca tchments were, in general, more acidic 
than streams draining undisturbed or less recently developed catchments. 
Although logging of the Larry River and Craigieburn terrace forests prior to 
their conversion to pakihi (Wash bourn, 1972; Jackson, 1987) presumably 
resulted in the export of base cations from these catchments, it seems 
unlikely that this would have lowered water pH significantly because even 
streams draining native forest catchments can have pH as low as 4.1, the 
minimum recorded during the study (e.g., Site 16). 
A stronger correlation was detected between stream size (width) and pH 
suggesting that streams draining developed catchments were more acidic 
because their head waters were closer to the pakihi source where large 
amounts of DOC (and by implication organic acids) can be generated within 
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soil horizons (see Chapter 3). In developed catchments, oxidation of sulphur 
to sulphate as soils dry out 'after drainage can be another source of acidity 
affecting streams (Bache, 1984; Stoner el al., 1984). However, because Site 
L2 (undeveloped pakihi) had slightly lower pH than most recently-developed 
sites nearby, sulphur oxidation is unlikely to have had a major effect on 
streamwater pH. 
Lawrence el al. (1987) found that concentrations of labile (inorganic) 
monomeric Al increased to potentially toxic levels following harvesting of 
trees from a watershed in Hubbard Brook Experimental Forest. At Sites Ll, 
L2 and L3, concentrations of labile monomeric Al were similar and relatively 
low, indicating that development of pakihi catchments did not alter toxic Al 
levels significantly. 
CHAPTER 5 
EFFECTS OF pH AND CATCHMENT DEVELOPMENT ON THE 
DISTRIBUTION OF BENTHIC INVERTEBRATES IN 
NORTH WESTLAND STREAMS 
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5.1. INTRODUCTION 
Many surveys of Northern Hemisphere streams have implicated pH of 
the water as a primary factor limiting the distribution of benthic 
invertebrates (e.g., Townsend et al., 1983; Weatherley & Ormerod, 1987). In 
southern Sweden, Otto & Svensson (1983) found about half as many species 
(20-25) in streams with pH 5.0-5.5 as in less acidic streams (pH 6.0-6.5), and 
reported significant correlations between water pH and numbers of grazer 
and shredder species. Sutcliffe & Carrick (1973) discovered that, at pH < 
5.7, mayflies and many caddisfly species were absent from the River 
Duddon and its tributaries where faunas were dominated by stoneflies. A 
similar observation was made by Simpson et al. (1985) for acid streams (pH 
4.4-5.0) in the Adirondack Mountains, New York, and experimental studies 
have indicated that mayflies in general are particularly sensitive to 
acidification (Bell & Nebeker, 1969; Fiance, 1978; Ormerod et al., 1987). 
In a survey of streams on the west coast of South Island, New 
Zealand, Winterbourn & Collier (1987) found that invertebrate species 
richness was not affected by water acidity until pH reached about 4.5, and 
that similar numbers of ephemeropteran, trichopteran and plecopteran taxa 
were represented in a wide range of brownwater streams above this pH. 
Because the proximity of sites appeared to be important in determining the 
composition of benthic assemblages in that study, I conducted a survey of 
streams in the confined localities of the Craigieburn and Larry River pakihi 
terraces (see Fig. 2.2.) to assess effects of water chemistry on invertebrate 
distributions. In addition, because many streams on the terraces drain 
catchments that have been developed for forestry to varying degrees, I was 
able to investigate possible effects of this on benthic communities. Thus, 
comparisons of invertebrate communities were made between streams 
draining undisturbed (native forested) and disturbed catchments, the latter 
being defined as those developed for forestry or those which originally were 
covered by native forest but now are induced pakihi. 
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5.2. METHODS 
5.2.1. Benthic Invertebrate Sampling 
Sample collection 
Benthic macroinvertebrates were collected from stony areas in all 
North Westland study streams in November 1986 and May 1987. Collections 
were made by kicking the substrate vigorously and brushing the surfaces of 
displaced stones in front of a triangular net (1 mm mesh). An attempt was 
made to collect in as many stream microhabitats as possible and to sample 
all streams with similar effort on both dates. In the May survey, the I mm 
mesh net was used in tandem with a 0.2 mm mesh net to test the efficiency 
of the former in capturing representatives of all taxa. All benthic samples 
were preserved in the field with 70 % ethanol. 
Enumeration and identification of invertebrates 
Benthic samples collected with the I mm mesh net were placed in a 
white tray and picked through twice. Ten samples collected with the 0.2 
mm mesh net in May were selected randomly and washed over 1 mm and 
0.2 mm mesh sieves. Material collected on the latter sieve was subsampled 
with a Quadripartite splitter and invertebrates in one subsample were 
identified and counted under a binocular microscope~ 
Identifications were made using keys published by McFarlane (1951), 
Chapman & Lewis (1976), Cowley (1978), Winterbourn & Gregson (1981), 
Towns (1983a), Ordish (1984) and McLellan (1987), and in most instances 
were to species or genera. Exceptions were oligochaetes and mites which 
were not differentiated beyond order or class, and Chironomidae which 
were not separated below family. 
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5.2.2. Statistical Analysis 
Classification procedures 
Data were analysed using two-way indicator species analysis 
(TWINSPAN; Hill, 1979a) with the PC-ORD multivariate statistics package 
(McCune, 1987). TWINSPAN is a poly the tic (all "species" used), divisive 
method of heirarchical analysis which classifies both sites and species into 
groups of similar composition, and identifies "indicators" which are 
diagnostic of each division. Classifications were performed with invertebrate 
presence/absence data obtained from each survey (November 1986 and May 
1987) and combined survey da tao 
Ordination procedure 
Detrended correspondence analysis (DECORANA; Hill, 1979b) was used 
to investigate patterns of taxonomic similarity among the North Westland 
sites with the PC-ORD package. In DECORANA, sites are arranged in an 
objective order along axes so that taxonomically similar sites occur most 
closely together. An axis score is generated and can be used to relate the 
ordination to measured environmental variables. Strengths of axes are 
measured as eigenvalues and the relative importance of an axis in 
explaining the variation of a data set can be expressed as the eigenvalue 
divided by the sum of eigenvalues for all axes (Weatherley & Ormerod, 
1987). 
DECORANA was performed on presence/absence data obtained in each 
survey and both surveys combined. Three sites sampled in May but not 
November were excluded from ordination analyses to enable correlation of 
DECORANA axes with mean chemical data from both surveys. 
Correlations with environmental variables 
Principal component analysis (PCA), correlation coefficents and 
stepwise multiple regression (STATISTIX; NH Analytical Software) were 
used to identify which environmental variables (see Chapter 4) best 
explained the distribution of sites along the ordination axes generated by 
DECORANA. Averages of chemical parameters (pH, alkalinity, DOC, 
conductivity and total reactive AI) measured in both surveys, and summer 
(November) stream water temperatures were used in all calculations. 
Transformations were done on stream width, pH (both log(x» and alkalinity 
(log (x+l» to give best approximations to normality. PCA and correlation 
coefficients were used to aid selection of key environmental variables and 
to minimise redundancy. After initial multiple regressions, redundant 
variables were eliminated and regression equations were calculated for 
interpretable axes using key variables only. Rank order of catchment 
development (see Table 2.1.) was not included in principal component or 
multiple regression analyses because it deviated considerably from a normal 
distribution. 
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Relationships between TWINSPAN site groups (both surveys combined) 
and key environmental variables were examined by stepwise multiple 
discriminant analysis (MDA) using BMDP (Dixon, 1981). The method assigns 
sites to pre-defined (TWINSPAN) groups on the basis of environmental data 
alone, and assesses how accurately key variables can predict site groupings. 
5.3. RESUL TS 
5.3.1. Sampling Efficiency 
In the May survey, a 0.2 mm mesh net was used in tandem with a 1 
mm mesh net to determine the efficiency of the coarse mesh for capturing 
representatives of all taxa. A total of 22 taxa were taken with the fine 
mesh net and not the 1 mm mesh net from ten sites, but 13 of these taxa 
were collected with the coarse mesh net in November (Table 5.1.). Most 
"new taxa" were taken in low numbers, but mites (Acarina) were abundant 
at many sites. 
Sampling with a 1 mm mesh net underestimated densities of many 
taxa. For example, very large numbers of small Deleatidium spp. larvae 
were collected in fine mesh samples from Sites 3, 15 and 21, and all 
Spall;ocerco;des cowley; larvae collected at L2 in May passed through the 
mm mesh (Table 5.1.). Similarly, chironomid densities were grossly 
underestimated at all sites using a 1 mm mesh net. Therefore I concluded 
that quantitative data should not be used for analyses of North Westland 
benthic communities, but that it was valid to use presence/absence data. 
Mites and unidentified hydrobiosids were omitted from all calculations. 
5.3.2. Taxonomic Richness 
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Altogether, 83 taxa were recognised in samples taken with a 1 mm 
mesh net from the 26 sites sampled twice (Table 5.2.); 72 in November and 
74 in May. No taxa were confined to Sites 21, 22 or 23 which were 
sampled in May only. More taxa were recorded in May than November at 
14 sites, but the mean difference in numbers per site between surveys was 
small (2.8 taxa). Ninty-four percent of taxa were insects with Trichoptera 
accounting for 38 % of these. Most taxa (43) were found at Site 2, a low 
terrace stream surrounded by native beech-podocarp forest. Sites 19, 20, 1, 
3, 12, and 15 all realised 36-39 taxa, and all drained undisturbed, forested 
catchments around the Craigieburn pakihi. Fewest taxa were recorded from 
Sites Ll and L2 (8 and 9, respectively), which are acid, brownwater streams 
draining a high terrace pakihi in LREA. 
Chironomids and the hydrobiosid caddis Psilochorema sp. were found 
at all 26 sites sampled twice, oligochaetes at 24, and Deleatidium spp., 
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TRICUOPTERA 
lIelicopsycJre 0 28 40 0 0 0 12 20 0 168 
sp. (0) (84) (25) (0) (0) (0) (N) (24) (0) (213) 
Rakil/ra 0 4 0 0 0 0 0 0 0 0 
vertrale (0) (2) (0) (33) (0) (0) (0) (0) (0) (0) 
PlrilorJreitlrrlls 0 0 0 0 0 0 4 0 0 0 
agilis (0) (0) (0) (0) (0) (0) ( 1 ) (0) (0) (0) 
Olillga 0 0 8 0 0 0 0 0 0 368 
/eredayi (0) (0) (23) (0) (0) (0) (0) (0) (0) (83) 
Beraeoptera 0 0 20 0 0 0 0 0 0 0 
. roria (0) (0) (N) (0) (0) (0) (0) (0) (0) (0) 
Zelolessica 0 0 0 4 0 0 0 12 0 0 
cI,eira (0) (11 ) (0) (53) (0) (0) (7) (N) (8) (0) 
Pycllocelltrella 0 4 0 0 0 0 0 0 0 0 
errtellsis (0) ( 1 ) (0) (0) (0) (0) (4) (0) (0) (0) 
Pycllocelltrodes 0 0 12 0 0 0 0 0 0 1132 
sp. (0) (0) (N) (0) (0) (0) (0) ( 1 ) (0) (160) 
Pycllocelltria 0 0 0 0 0 0 0 0 0 128 
el'ecta (0) (0) ( I ) (0) (0) (0) (0) (0) (0) (166) 
Pycllocelltria 0 0 0 0 0 0 12 0 0 0 
sJ'lvestris (0) (0) (0) (0) (0) (0) (3) (0) (0) (0) 
Pycllocelltria 0 0 0 0 0 0 0 20 0 0 
/,,,,erea (0) (0) (0) (0) (0) (0) (0) (2) (0) (0) 
Aoteopsycl,e 0 4 4 0 0 0 0 0 0 12 
sp. (0) (2) (83) (0) (0) (0) ( 4 ) (23) (0) (38) 
Oxyetlrira 0 0 0 0 16 4 0 8 16 0 
albice ps (0) ( I ) (1) ( 1 ) (6) (7) (0) ( 4 ) (7) (0) 
II yd robiosella 0 0 0 0 0 0 4 0 0 0 
sp. (0) (0) ( 1 ) (0) (0) (0) ( 1 ) (0) (0) (0) 
PolyplectroplIs 8 0 0 0 16 0 0 0 0 0 
sp. (N) (0) (0) (0) (3) (2) (0) (0) (0) (0) 
PsilocllOrema 20 0 4 28 0 0 0 0 16 16 
sp. ( 1 ) (I) (5) (9) ( 19) (2) ( 1 ) ( 4 ) (6) (6) 
II ydrobiosidae 4 36 76 0 24 0 12 40 0 84 
indel. (N) ( 1 ) ( 1 ) (0) (2) (0) (2) ( 1 ) (0) (2) 
COLEOPTERA 
Podae"a 0 0 0 8 0 0 8 8 0 0 
sp. (0) ( 1 ) (I) (5) (0) (0) (6) ( 1 ) (0) (0) 
Orclrymolllia 0 0 0 0 0 0 0 0 0 24 
sp. (0) (0) (4) (0) (0) (0) (0) (0) (0) (8) 
lIc10didae 0 0 0 0 0 4 0 0 8 0 (0) (0) (0) (2) (0) (4) (4) ( 1 ) (3) (0) 
lIydora 0 4 176 16 0 0 124 52 0 232 
sp. (0) ( 17) ( 110) (47) ( 1 ) (0) (189) (30) (8) (185 ) 
Liodesslls 0 0 0 0 32 20 0 0 0 0 
plica illS (0) (0) (0) (0) (N) (N) (0) (0) (0) (0) 
DIPTERA 
Ch ironomidae 384 131 812 168 700 120 132 276 560 260 (4) (9) (28) (217 ) ( 13 ) ( 14 ) (12 ) (22) (28) (33 ) 
A IIstrosimlililim 0 0 4 12 0 0 0 20 0 32 
sp. (0) (2) ( 1 ) (N) (0) (0) ( 1 ) (12) ( 1 ) (2) 
Cera topogon idae 4 8 0 12 32 8 4 4 16 0 (*) (*) (2) (3) (4) (*) (*) (I) (2) (0) 
Empididae 12 8 0 16 0 8 4 4 0 0 (18) (N) (3) (50) (0) (3) (N) (30) ( 1 ) (3) 
A plrrop/lila 0 24 0 0 0 0 0 0 0 4 
"eoulmldica (0) (70) (7) ( 14) ( 1 ) (0) (3) (7) (0) (2) 
Tipulidae 4 0 0 0 0 0 0 0 0 0 
inliet. (*) (0) (0) (0) (0) (0) (0) (0) (0) (0) 
Notlrodixa 0 0 0 4 0 0 0 4 0 0 
sp. (0) '(0) (0) (*) (0) (0) (0) (*) (0) (0) 
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Table 5.2. Sites where macrolnvertebrate taxa were found In 
combined surveys (November 1986 and Hay 1987) of 26 North Westland 
stream and river slles. TWINSPAN taxa groupings (I-VIII) are given 
on the left. I '", present. 
111 III S 1'1'1" Silo Grilli IS 
II 11 C 11 
T;U3 1 2 l 1 I. I I 1 I L : II, I 1\ I. ~ , !J 2 0 7 3 (. I f. I 5 9 o Ii 3 1 , 0 6 1 fi I 
On/td""""" "'(f~t'I;d'" , 
"','n'pt" I" 111. , 
Nt'''''''''''''''''''' r"H/"''''', , , I 
""d,,,,,,,,,,,, """,/I,Ii. 1 
",'('Hon'''''fldl') Sit, I 1 I 
I'tilmlnct ylhluc , 
"'1'""inn', .. a'I'/audit'" , I 
(It'l'm,,',,,, 5fl. , 
rnh"ni,luc , 
Mu,el""c , 
,\' .. """t'll"'" !f', 1 , , , I 
'\'n,""I'I,""'ol,, I:rm,,/iJ , , I I 
"',iI",',d'/It"t IIl:iI;\ I , , 
"1'flhlt'f'''''1tI !p. , 
1'.t'fIlHt'l'''''''' 11'h',·",h , , 
C:"I""mht',,' ',,,,,,,,,,,/h I I I , , , , I , 
".1"""1'1,,,,.,,,,,, t'f""inmd",,,,,, I , 
I.t""".t""'.I'('/1t' ;"~'I'''' I I 
/lU''''''h'''''' "U""" I , I , I I I I',1"'''''C'I,,,,,t'lI,, ('IUl"";J I , , , , 
IIc."fIt,,,/th·'f1 ,,,,/,, I , 
O/i',gn """t/II,I'; , , , , 
"".1".."" Sil. , , I , I I I I 
,\/,tt"",,,, /"",,. I , I I 
z.'I"fI""l'l',I" 11~"f';) I I I I , I I I 
ZI,/,lth/,r/li,,, rlll'/'"", I I I I I I , I I 
A"'t'fll")'I'I,t' 'f'. , I I I , 1 I I I 
IIdu'""""",,,' '11. I , I I I I I I I 
I"'('''flcr"";,, t"'t'("11 I I I I 
",.cHUrt,,', ill I",w,t" I I I I (I"''','m",II',, ~". I I I I 
""'''''t',I" }/""'~f'r I 
..t"'''''''t',I" fr""'ft' , I I , I I I I I I 
e, iH"I"" I" lim''';11 I I I C"u"d",,,,,,,,, ~.,. A I I II . 
"""'f,d,,,.,, Sil. I , I I I 
'1.-1"""""1>,1" f/r'lI;n",,,,, I Il,,( ;",,, "(",,,,/1.' I I I I 
..I1I",'fl'If"I'II" mtll:"it'v'''i' I I , I 1 ('"und'"'l'III" 51',11 I I I I I I 
"rJ,.,t.;",,, ",,11 I I I I I , I , 
'''',1,,,1,,.,\(,,,,, ~II. 1 I , I I Ar'd"",.,,, "iI""',wt,, , I I I , I , 
I'd,"t,t',;,/r, '''. 1 I I 1 I I I I , 
,fl"",I,fuIfIII"", 'fI, I 1 I , 1 , I 1 I III 
rlSt,'""""."" mlldd,,,,,1 , , I I I I I I I I I I 1 IV 
1I,·,/r"Mm/1 'J'.A I I I I I I I I , I 1 II y,trol.h 11I.ln c , I (iu"lli,l"c I I Zt'/",,,It,',;,,, ;tli,"; I I I I.l'I",,,I,,/Ji,,, jlHdll"tu, , , , , I 1 , I I 1 I 1 
'1t""'I',,;n,r/,drtl I I I I I I I I I I 
""."ioli,l"c I I I I I I I I I I I I I I I 
,1"''',1,,/,1111 ",'Olt",,,,d,,.,, I I I I I I I I I I I I I I I I I:rllJl.tctl,,1 I I I I I I I I , I I I V 
~i>:r p/'/"hi" 'I'· I I I I I I IId .. ,I;'I". , I , I I I I , I VI 
IJ""'",i,li"", 51', I I I I I I I I I I I I I I I I I I I I I I 11,1'0/"", 51'. I I I I I I I I I I I I I I I I I I I I 
U"'III,ia "h'ft''''.'''' I I I I I I I I I I 
,"f"i.'/"",II",{,', ,1,t'I"'''' , I I , I , I I I I , I I I I I I I , 
,.fll,,'1t""",i, fl'I,..,,,,, I I I I I I I I I I I. I I I I I I I OX,h'II.,,,, ,,'/Jic'I'I'J I , I I I I I , , 1 I I I I I I I I I I I 
""I.1'I""C·"""'" $P, , I I I 1 , I I I I I I I Cc ,:, '",wgon itlae I I I I I , I I , I I I I I I I "",,,/;,,,,,,,,,1,,1,, )~"h'; I I I OliUlloh"ct" I , I I I , I I I I I 1 I I I I I I I , I I , 
"lfr",h'I""",H 11,,,,,i/,,,,,-, I I I I , I I I I.imnol,ltnftl 
'I'. , I I VII 
~;\"""'i""""'U;""1 ""11'/",.; , , , I I , I I , I I I I I 
",O"d"" .. ,,,,,, "" I I I I I , I I 1 1 I I I 1 , I I I I I I I I I I Chirunnmitlne I I I I I I I I I I 1 I I I I I I I I 1 I I I I I VIII 
.' /',i"/"('tid;"rt 'I'. I I nt.,,,,,,,, I''''''t''",'', I I ",,,",Ii,,,, ,,,. 
\'"",I"'''''''IIIiJ IC(fI""dic" I I Si">,,,,, SI', I I I I I IJ"t/l'B") "licm", I I I I I I I I I IIl'I''''',-, !I", I 
e"I"" 'I" I 
A"';I''''''' ",i~f1U1'''' I 
"",,,/I,,''',III,,lw,,,,, (,"c""/"'" , , I I I 1 I Nt,,,,,,,,,,,"If;,.,I\ tl\,;,,,;"'\ I 
83 
Oxyethira albiceps and Hydora sp. at 20-22. Forty-four taxa were recorded 
at less than six sites, but of them only Megaleptoperla grandis, Baraeoplera 
roria, Olinga !eredayi and Pycnocentria evecta were abundant at any site (> 
50 per two standard collections). The black amphipod, Paraleptamphopus 
caeruleus, was found at seven sites but was abundant only in cool streams 
draining undeveloped pakihi. 
5.3.3. Classifica tion 
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TWINSPAN site classifications were arrested at Level 2 beyond which 
groupings could not be interpreted by the environmental variables measured 
(discussed later). Four site groupings were generated at Level 2 using 
presence/absence data from November, May and combined surveys (Fig 5.1.). 
The initial separation at Level 1 can be interpreted as a distinction between 
very acidic (pH mostly < 5.0) sites draining disturbed catchments (Groups C 
and D) and less acidic streams (pH always > 4.5) draining mainly 
undisturbed catchments (Groups A and B). Only Site 16 which was 
forested with no upstream development evident was consistently 
misassigned on this basis. Of the three sites sampled in May only, two 
were assigned to TWINSPAN Group A (Sites 21 & 22 which receive most of 
the drainage from the Craigie burn pakihi) whereas the third, Site 23 
drained an undisturbed catchment on the Craigieburn terrace, and was 
placed in Group B. Indicator species for undisturbed sites were the 
predatory stonefly, Stenoperla maclellalli (November), a net-spinning 
caddisfly, Aoteapsyche sp. (May), and a detritivorous stonefly, 
Austroperla cyrene (both surveys combined) (Fig. 5.1.). 
Group D consisted of streams draining recently developed (1980 or 
later) catchments of LREA, and was distinguished from Group C by the 
absence of Deleatidium spp. larvae (Fig. 5.1.). Group C contained the same 
sites in all classifications, but in May also included Site 5 which otherwise 
was assigned to Group B. Site L 7 was always in Group B and Sites 3, 9, 12 
and 20 were always in Group A. Overall, sites in Group B were 
distinguished from those in Group A by the presence of the mayfly 
Zephlebia sp. and the helicopsychid caddis, Rakiura vernale. In May, 
Ameletopsis perscitus and Alloecentrella magnico1'1lis were the indicator 
species for Group B, whereas Co[obllrisclls hllmeralis distinguished Group A 
from Group B in the November survey (Fig. 5.1.). 
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Figure 5.1. lWINSPAN cl~sslflcatlons of 26-29 North Westland 
stream and river sites showing "Indicator species". 
Presence/absence data were used lo produce classifications from 
November 1986, H~y 1987 and combined surveys. Sites whose 
cl~sslflcallon was borderline are shown In parentheses at lhe 
appropriate level. 
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TWINSPAN site groupings represented a gradient of physicochemical 
conditions with sites in Group A having the greatest pH, alkalinity and 
channel width, and the lowest DOC and total reactive Al concentrations 
(Table 5.3.). In contrast, Group D sites were small streams with very acid 
water containing high concentrations of DOC and AI. In addition, sites 
developed for pine forestry (i.e., most sites in Groups C and D) had higher 
summer water temperatures (mean > 22°C) than undisturbed sites (mean 
-15oC). 
TWINSPAN classified taxa into eight groups at level 3 (Table 5.2.). 
Taxa in Group I occurred exclusively in site Groups A and B. Groups II 
and III contained taxa found predominantly in site Groups A, Band C, 
whereas Groups IV, V, VI and VII were composed largely of "species" with 
little apparent site group preference. Group VIII contained taxa confined 
almost exclusively to site Groups C and D and included three primarily 
len tic species (?Triplectidilla sp., Rhalltus plllveroslls and Paradixa sp.) which 
were found only in pools in streams draining recently modified catchments 
in LREA (Group D). 
Table 5.3. Mean values (and 2 Sf) for environmental variables and 
numbers of taxa in each TWINSPAN site group (both surveys 
combined). Physicochemical characteristics of all sites are given 
in Table 4.2. See Table 2.1. for rank order of development scores. 
Variable Group A Group B Group C Group 0 
pH 6.1 5.0 4.6 4.4 (0.3) (0.2) (0.2) (0.2) 
Alka11nity 3.3 0.9 0.3 0.1 (g.m- CaC03) (1. 0) (0.4) (0.2) (0.3) 
DOC 10.4 16.1 16.9 24.6 (g.m- 3) (3.2) (5.8) (4.2) (7.8) 
conduciivity 2.8 2.4 2.7 3.8 (mS.m- ) (0.3) (0.6) (0.5) (0.3) 
Tota 1 rea§ti ve 206 343 377 509 
Al (mg.m- ) (65) (8) (79) (169) 
Streambed 37.3 27.3 30.7 46.3 
stabil ity (4.0) (10.7) (2.9) (15.7) 
Channel 5.2 4.0 2.5 1.3 
width (m) (2.9) (2.7) (0.5) (0.3) 
Temperature 14.6 14.8 22.4 27.6 (OC) (1. 9) (0.3) (2.3) (2.2) 
Rank order of 1.0 1.0 3.3 4.3 
development (0.0) (0.0) (0.8) (0.5) 
Numbers of 37.4 30.0 16.1 12.3 
taxa (2.6) (9.5) (2.1) (3.3) 
5.3.4. Ordination and Relationships with Environmental Variables 
DECORANA axis 1 explained 59-64 % of the variation in the data 
sets, and 82-88 % was explained when axis 2 was included (Table 5.4.). 
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When the first two DECORANA axes were plotted together, TWINSPAN site 
groupings separated out clearly with almost no overlap (Fig. 5.2.). Highly 
significant correlations were detected between DECOR ANA axis 1 and all 
environmental variables except conductivity and channel stability (Table 
5.5.). Strongest correlations were with pH, alkalinity, temperature and rank 
order of development. In contrast, DECORANA axis 2 was not correlated 
strongly with any of the variables measured (Table 5.5.). 
Principal component analysis (PCA) of the environmental variables 
generated three main factors which together explained 85 % of the variation 
in the data set (Table 5.6.). Factor one implicated the chemical nature of 
the water (pH, alkalinity, DOC and total AI) as the major component of the 
PCA. Because of strong intercorrelations between these variables (Table 
4.3.), pH was selected to represent the water chemistry component in 
subsequent multiple regressions. Factors 2 and 3 of the PCA implicated 
channel stability, conductivity and temperature as other important variables, 
and they were used along with pH and channel width (also implicated by 
Factor I) in multiple regression analyses. Following an initial series of 
regressions, channel stability, width and conductivity were discarded, and 
pH and temperature were retained as key variables. Their use yielded 
regression equations which had r2 values between 0.79 and 0.92 (Table 5.7.). 
5.3.5. Multiple Discriminant Analysis 
Overall, MDA successfully allocated 88.5 % of the 26 sites to the 
correct site group on the basis of stream water pH and temperature. Best 
predictions (100 %) were for TWINSPAN Groups Band D whereas Group A 
and Group C sites were predicted with 87.5 and 81.8 % accuracy, 
respectively. Streamwater pH gave higher canonical coefficients than 
temperature for both MDA functions indicating that pH was more powerful 
at discriminating between sites (Table 5.8.). 
Table 5.4. Eigenvalues and cumulative percentage variance of the 
data set explained by three OECORANA axes from each survey and 
both surveys combined. 
Survey Axis Eigenvalue Cumulative percentage 
variance explained 
November 1 0.501 59.0 
2 0.210 83.7 
3 0.138 100.0 
May 1 0.439 58.5 
2 0.179 82.3 
3 0.133 100.0 
Combined 1 0.436 63.6 
2 0.169 88.3 
3 0.080 100.0 
Table 5.5. Correlation coefficients (r~ for Rank, all others r) 
between OECORANA axes 1 and 2 (presence/absence data) and nine 
environmental variables measured in November 1986, May 1987 and 
combined surveys. Transformations were done on channel width, pit 
(both log(x)) and alkalinity (log(x+I)). Units are given In Table 
5.3. *, P < 0.05; **, P < 0.01; ***, P < 0.001. 
November May Combined 
Variable Axis 1 Axis 2 Axis 1 Axis 2 Axis 1 Axis 2 
pH -0.88***-0.22 -0.84***-0.26 -0.86***-0.37 
AlkalinHy -0.88***-0.23 -0.84***-0.27 -0.85***-0.37 
DOC 0.62*** 0.25 0.66*** 0.31 0.64*** 0.41* 
Conduct i v Hy 0.26 -0.10 0.39* -0.04 0.35 0.10 
Total reactive 0.75*** 0.31 0.77*** 0.24 0.74*** 0.38 
Al 
Streambed 0.05 -0.38 -0'.01 0.00 0.05 -0.26 
stabll Hy 
-0.62***-0.27 -0.67***-0.35 -0.67***-0.40* Channel 
width 
0.87***-0.20 0.77***-0.06 0.83*** -0.12 Temperature 
Rank order of 0.85***-0.14 0.74*** 0.21 0.82*** -0.10 
development 
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FIgura 5.2. North Westland stream and rIver slles whIch were 
sampled twIce plotled on OECOR~N~ axes I and 2 usIng 
presence/absence dala From November 1986, Hay 1987 and combined 
surveys. lWINSPAN slle groupIngs at level 2 (A-D) are also shown. 
Table 5.6. Principal component analysis of eight environmental 
variables showing factor loading values for each variable, and 
eigenvalues and cumulative percentage variance of the data set 
explained by each factor. Units and delails of transformations are given in Tables 5.3. and 5.5. 
Variable Factor 1 Factor 2 Factor 3 
pH 0.447 -0.114 -0.144 
Alkal intty 0.442 -0.159 -0.202 
DOC -0.410 -0.046 -0.366 
Conductivity -0.214 -0.476 -0.629 
Total reactive Al -0.402 0.212 -0.09B 
Streambed stability 0.050 -0.7B7 0.319 
Channel width 0.342 0.203 -0.016. 
Temperature -0.332 -0.166 0.545 
Eigenvalue 4.39 1.34 LOB 
Percentage variance 54.9 71.7 85.2 
explained 
Table 5.7. Multiple regression equations (wIth r2) derived using 
stream temperature (Temp) and log pll (PIl) to describe DECORANA axis 
1 from November, May and combined surveys (presence/absence data). 
Survey 
November 
May 
Combined 
RegressIon equatIons 
595.03 - B93.72PH + 9.25Temp 
674.BB - 929.0BPIl + 6.49Temp 
552.62 - 828.71PH + 7.54Temp 
0.92 
0.79 
0.85 
Table 5.B. Standardised coefficients for canonical variables of 
Functions I and 2 from a Multiple Discriminant Analysis of two key 
environmental variables using site groupings at TWINSPAN level 2 
. (both surveys combined). Coefficients indicate the relative' 
contribution of each variable to the discrimination. 
Variable 
Log pH 
Temperature 
Function 
33.55 
-0.22 
Function 2 
20.75 
0.25 
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5.4. DISCUSSION 
Invertebrate faunas of North Westlalld streams 
The many streams that drain the Larry River and Craigieburn terraces 
provide a wide range of physical and chemical habitats for invertebrates. 
Because of the proximity of streams and rivers in this region, intra-site 
differences in the taxonomic composition of benthic assemblages might be 
expected to reflect the ability of certain species to survive and maintain 
populations under the prevailing physicochemical conditions. Thus, based on 
species richness, forested streams on the Craigieburn pakihi provided the 
most favourable lotic habitat for invertebrate colonisation, and very acidic, 
developed, brownwater streams in LREA, the least favourable. 
Chironomids, oligochaetes, and species of Oxyethira (Hydroptilidae), 
Psilochorema (Hydrobiosidae), Hydora (Elmidae) and Deleatidium 
(Leptophlebiidae) were found at most sites. The three last-named genera are 
amongst the most frequently occurring in West Coast streams in general 
(Winterbourn & Collier, 1987), and are considered to be moderately or very 
tolerant of changes in water quality (Winterbourn, 1981). However, only 
Deleatidium belongs to the "core element" of invertebrates which Rounick & 
Winterbourn (1982) identified in a wide variety of streams throughout New 
Zealand (chironomids were not considered in that study). 
Many taxa (44) had sporadic distributions and were found at five or 
fewer sites where most were uncommon. Exceptions were Megaleptoperla 
grandis, a gripoterygid stone fly known to inhabit upland streams with stable 
beds (Winter bourn, 1981), the conoesucid caddis Baraeoptera roria which 
tends to have clumped distributions within a particular stream, and Olinga 
!eredayi and Pycnocelltria evecta (both conoesucids) which are widely 
distributed in other parts of New Zealand and often common (Cowley, 1978; 
Winterbourn & Gregson, 1981). With the exception of O. !eredayi, these 
taxa were collected from cool, forested North Westland streams with pH in 
the range 4.8 to 6.6. O. !eredayi was not found in North Westland streams 
with pH < 5.2 and Winterbourn & Collier (1987) did not record it at < 5.5. 
In contrast to findings in some Northern Hemisphere acid streams (e.g., 
Sutcliffe & Carrick, 1973; Simpson et al., 1985), faunas in acid, brownwater 
streams in North Westland were not characterised by the absence of 
Ephemeroptera and the predominance of Plecoptera. Indeed, the mayflies 
Deleatidium spp., Ameletopsis perscitus and Zephlebia sp. tolerated a wide 
range of physicochemical conditions, although Coloburiscus humeralis and 
Nesameletus sp. had more restricted distributions and were found only in 
cool streams with pH down to 4.6 and 5.4, respectively. Winterbourn & 
Collier (l987) did not record' the latter taxon in undisturbed streams with 
pH < 5.0. Spaniocercoides cowleyi was the most widespread stonefly in the 
North Westland streams, occurring even in the very acidic and relatively 
warm waters of Sites LI, L3, L4 and L5 on the Larry River pakihi. Nine 
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of the 15 stonefly taxa recorded were found only at sites in TWINSPAN 
Groups A and B (mean pH ~ 5.0), but several of them were collected by 
Winter bourn & Collier (1987) from more acidic waters. Species of 
Helicopsyche, Aoteapsyche and Hydrobiosella (all Trichoptera) were not 
collected in streams with pH < 5.0 in that survey, but were found in some 
North Westland streams with pH as low as 4.6-4.8. Of the taxa found 
predominantly at disturbed sites, several (e.g., Sigm'a sp., Liodessus plicatus 
and Rhalltus pulverosus) come to the water surface to take in air and are 
frequently common in ponds and backwaters (Winterbourn & Gregson, 1981). 
Larvae of the ?Triplectidilla species also are usually found in small, len tic 
habitats and are one of the few insects present in mountain tarns (Cowley, 
1978). 
Factors affecting invertebrate distributions 
The pH and temperature of stream water appeared to be major factors 
affecting the composition of benthic invertebrate assemblages in the North 
Westland streams considered in this study. In contrast, Winterbourn & 
Collier (1987) found no relationship between taxonomic richness of the 
benthos and pH in an earlier survey of Westland streams, but most sites 
included in that survey drained native forested catchments and had pH > 
4.5. 
TWINSPAN initially separated benthic communities in very acidic 
streams (pH almost always < 5.0 and as low as 4.1) surrounded by induced 
pakihi or pine forest (disturbed), from less acidic (pH> 4.5) streams 
flowing mainly through native forest (undisturbed). On average, streams 
with relatively high summer water temperatures (related to degree of 
catchment development), and/or very acidic, brown waters supported almost 
half as many taxa as cool, less acidic streams in the same region. The 
subsequent separation of <iisturbed sites may have as its basis differences in 
water temperature which were higher in summer at the most recently 
developed (Group D) sites. 
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Effects of catchment development 
Impacts of forestry practices on stream ecosystems include the 
alteration of flow and thermal regimes, increases in light levels, reductions 
in allochthonous inputs, changes in nutrient inputs and greater sedimentation 
(Morgan & Graynoth, 1978; Ward, 1984; Winterbourn, 1986). Responses of 
stream invertebrates to these changes vary, and densities of some taxa 
increase whereas others decline (e.g., Graynoth, 1979; Newbold et al., 1980; 
Wallace & Gurtz, 1986). The presence of higher densities of some species in 
streams draining clear-cut catchments is often ascribed to greater microbial 
conditioning and hence improved nutritive quality of detritus, and higher 
periphyton biomass because of more light, warmer temperatures and 
increased nutrient inputs (Hawkins et al., 1982). In some cases, these 
changes may offset potentially detrimental effects of high sedimentation 
(e.g., Murphy et al., 1981). Conversely, warmer water temperatures and 
greater microbial activity can reduce dissolved oxygen concentrations to 
levels which may be lethal to some invertebrates (Morgan & Graynoth, 
1978). 
With the exception of Site L2 which drains induced pakihi covered 
with manuka forest, disturbed sites in North Westland (TWINSPAN site 
Groups C & D) all had summer temperatures greater than 190 C, and 
averages were up to 130 C higher than at undisturbed sites. Brown & 
Krygier (1970) reported maximum increases in water temperature of IS.SoC 
in Oregon streams one year after clear-cutting. Temperature tolerances of 
aquatic insects vary, with some species of Plecoptera and Trichoptera dying 
at abou t 200 C, although sublethal effects of temperature on metabolism, 
growth and emergence (Wiederholm, 1984) may be more important in 
limiting distributions. In North Westland streams with summer temperatures 
above 2SoC (Group D), an, average of 12 taxa were taken, whereas an 
average of 16 were collected from streams where summer temperatures 
averaged 220 C. High summer water temperatures (or associated factor(s» 
therefore may have limited the distributions of some invertebrate species in 
North Westland streams. Faunas of Group D streams were distinguished 
from those of other disturbed sites by the absence of Deleatidium which 
was found in nearby Site L2. 
Other factors such as increased sedimentation and changes in the 
discharge regime also could have affected benthic faunas in developed 
streams. Jackson (1987) showed that, in the year after development of 
catchment L3 in LREA, sediment transport was an order of magnitude 
higher and major floods (> 10 l.s- 1.ha- 1) three times more frequent than for 
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the control catchment (L2). However, sediment yields normally return to 
predisturbance levels within two years of v-blading (R.J. Jackson, pers. 
comm.) and, because of frequent floods, sediment does not accumulate over 
long periods in these streams. Thus, direct effects of sedimentation on 
aquatic life should not be pernicious in streams draining catchments 
developed more than two 'years before my survey was conducted, and are 
unlikely to account for the depauperate faunas at Sites 4, 10, 11, 13, 14, Ll, 
L4 and L5. 
Interestingly, Site 16 which is surrounded by native forest with no 
evidence of upstream development had a summer water temperature of 220 C 
and pH < 4.5, and was grouped with developed sites in TWINSPAN Group 
C. This suggests that streamwater physicochemistry can be more important 
than other developmen t-rela ted factors such as sedimen ta tion in determining 
benthic invertebrate community composition in these North Westland streams. 
In summary, one effect of v-blading appears to have been to increase 
summer water temperatures at some sites to levels which may be detrimental 
to stream invertebrates, particularly in streams draining developed 
catchments on the Larry River pakihi. However, benthic faunas appeared to 
recover from the initial impacts of forestry development within a relatively 
short time and distance, although apparent recovery may also have been 
linked to an increase in water pH. Thus, Sites 3, 21 and 22. all occurred in 
the lower reaches of rivers draining some developed catchments and were 
classified with undisturbed sites in TWINSPAN Group A, and Sites 5 and 
L7, which were surrounded by native forest but were a few hundred metres 
downstream of catchments v-bladed in 1985-86, had faunas that were 
similar, overall, to those of undisturbed Site 19. Because faunas in 
undeveloped streams flowing from induced pakihi (e.g., Site L2) were at 
least as depauperate as those in streams draining developed catchments, it is 
apparent that conditions other than temperature also affect species richness 
at the head waters of pakihi streams. 
Effects of pH 
High acidity is believed to affect aquatic invertebrates directly by 
disrupting ionic regulation and calcium metabolism, and by the mobilisation 
of toxic metals such as Al into the water column (Haines, 1981). In 
Chapter 4, I showed that concentrations of labile monomeric Al were low in 
Westland streams compared with many acid clearwater streams in the 
Northern Hemisphere. Thus, Al toxicity is unlikely to be a problem for 
invertebrates colonising brownwater streams in New Zealand, although acute 
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levels have yet to be established for any taxa. Preliminary work by Havas 
& Likens (1985) suggested that Al (mostly hydroxide complexes) may not 
become toxic to some species of Crustacea and Chironomidae until 
concentrations approach or exceed 1000 mg.m-3, and Havas (1985) even 
reported that Al (1020 mg.m-3 at pH 4.5) temporarily ameliorated hydrogen 
ion toxicity to Daphnia magna which normally is very sensitive to low pH. 
Estimates of lethal pH levels for aquatic invertebrates vary depending 
on the species and life history stage. In general, caddisflies appear to be 
more tolerant of low pH than mayflies, and emergence is frequently the 
most sensitive period (Bell & Nebeker, 1969; Bell, 1971). Bell (1970) showed 
that the midge Tanytarsus dissimilis was unable to complete its life cycle at 
pH < 5.5 whereas Burton & Allan (1986) found that survival of one snail, 
two caddisfly and one stonefly species collected from circumneutral streams 
in Michigan decreased significantly at pH 4 but not pH 5. In contrast, van 
Frankenhuyzen et al. (1985) showed that eggs of the caddis Clistoronia 
magnifica developed normally at pH 4 and that larvae grew faster at pH 
4.2-5.2 than a t pH 5.8-6.4. 
In the present study, streams with the most impoverished benthic 
faunas not only had the warmest temperatures but also the lowest pHs 
(usually < 5.0), whereas undisturbed sites all had pH > 4.5 and were 
colonised by relatively large numbers of species. If pH was a· major factor 
affecting benthic invertebrate faunas at undisturbed sites with pH > 4.5, 
then indicator species would be expected to be present only in the less 
acidic streams (i.e., Group A). This obviously was not the case (Le., almost 
all indicator species were for Group B not Group A), and indicates that 
most of the stream invertebrate taxa found in North Westland can survive 
down to a lower limit of about pH 4.5. This confirms the findings of 
Winterbourn & Collier (1987) and shows that their conclusions were not 
affected by geographic factors. Thus, most streams flowing out of pakihi 
bogs appear to be too acidic in their head waters to support a diverse 
invertebrate fauna, but when pH increases above 4.5, acidity does not seem 
to be a factor limiting population maintenance in streams. 
CHAPTER 6 
DYNAMICS OF BENTHIC INVERTEBRATES IN 
SOUTH WESTLAND STREAMS 
96 
6.1. INTRODUCTION 
Invertebrate faunas of Northern Hemisphere acid streams often have 
fewer species, lower densities and different taxonomic and functional 
compositions than nearby sites where the pH of water is higher (e.g., Hall et 
al., 1980; Townsend et al., 1983; Mackay & Kersey, 1985; Simpson et al., 
1985). Herricks & Cairns (1974) recorded a fall in benthic invertebrate 
densities of almost 50 % when an alkaline stream (pH 8.0) in Virginia was 
acidified experimentally to pH 4.0 for 15 minutes, and Kimmel et al. (1985) 
found that numbers of invertebrates in a circumneutral (pH 6.1-7.4) 
Pennsylvanian stream were about 2.5-11.0 times higher than in a nearby 
stream with pH 4.6-6.0. The latter authors collected several taxa of mayflies 
(mostly Baetis and Ephemerella spp.) in all seasons from the circumneutral site 
but found them rarely in the more acidic stream. 
In streams draining Hubbard Brook catchments, densities of Ephemerella 
!rmeralis were found to increase as pH increased even though experimental 
acidification showed that this species could tolerate pH 4 for up to three 
months (Fiance, 1978). However, larvae of E. !rmeralis at the acidified site 
were 29 % smaller than their counterparts at the reference site, and Fiance 
(1978) interpreted this to mean that more energy was being allocated to 
maintain internal ionic balance under acidic conditions. Although Fiance 
(1978) discounted decreased quantity or quality of food as a reason for 
reduced growth of E. !rmeralis at low pH, several other workers have 
implicated food as a major factor influencing invertebrate community 
dynamics in acid streams (e.g., Sutcliffe & Carrick, 1973; Otto & Svensson, 
1983; Townsend et al., 1983). The two latter groups of authors both found 
fewer species of grazers in acid streams, but representation of other feeding 
groups was inconsistent. 
Findings presented in Chapter 5 and by Winterbourn & Collier (1987) 
indicate that acidity is not a primary factor affecting invertebrate species 
richness in Westland streams with pH above about 4.5. However, low pH 
could have sublethal effects on some benthic taxa, either physiologically or by 
reducing their food supply. If so, it might be predicted that densities, 
biomass and production of sensitive invertebrate species would be lower than 
in otherwise comparable streams of circumneutral pH. To investigate this 
possibility, I collected quantitative benthic samples bimonthly over a 12 month 
period from two acid, brown water streams (Steep Creek and Suspect Stream) 
and two circumneutral, clearwater streams (Hidden Creek and Toilet Stream) 
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in South Westland (see Fig. 2.3.). As shown in Chapter 4, these two pairs of 
undisturbed sites have distinct chemical "signatures" with pH in the range 4.3 
to 5.7 at the brownwater sites, and 6.6 to 8.0 at the clearwater sites. In 
addition to investigating densities of benthic communities as a whole, I 
studied population dynamics (size, sex ratios, biomass, life histories and 
production) of Deleatidium spp. (Ephemeroptera) because of the apparent 
sensitivity of mayflies to low pH, and because this taxon is present in most 
Westland streams (see Chapter 5 and Winterbourn & Collier, 1987). Gut 
contents of selected taxa from the four sites were examined to determine 
whether differences in diet might be a factor influencing their success in one 
or other of these environments (brown water or clearwater). 
98 
6.2. METHODS 
6.2.1. Benthic Invertebrate Sampling 
Benthic macroinvertebrates were collected bimonthly between March 1985 
and February 1986 from stony, riffle areas in Hidden Creek, Toilet Stream, 
Steep Creek and Suspect Stream. Sites were sampled with a 0.5 mm mesh 
Surber sampler by agitating the benthos and brushing stones within the 0.1 m2 
quadrat. Five replicate samples were taken on each occasion from the same 
reach of each stream except that four samples were taken from Steep Creek 
in March and Toilet Stream in May. All benthic samples were preserved with 
70 % ethanol in the field and were sorted and identified under a binocular 
microscope. Identifications of invertebrates were made as described in Section 
5.2.1.; ostracods were not separated below class. 
6.2.2. Analysis of Deleatidium Populations 
Biomass 
Bimonthly collections of Deleatidium larvae from the four South 
Westland streams were dried (500 C for 5 days) and weighed (0.1 mg) to 
determine total biomass. Because samples were kept in 70 % ethanol for 
varying periods, some loss of organic weight may have occurred, although 
larvae probably achieved a fairly constant weight after about 30 days 
(How miller, 1972). By this time, Deleatidium larvae can lose on average 26.7 
% of initial dry weight (Winterbourn, 1974), and biomass values were 
corrected accordingly. 
Measurements of larvae 
All measurements were made with a Wild Heerbrug stereomicroscope 
fitted with an electronic micro-length measuring attachment. This device 
measures accurately to 0.01 mm and was calibrated before use with a stage 
micrometer. Head width across the eyes of all final instar Deleatidium larvae 
(distinguished by fully developed wing pads) was measured to determine if 
significant differences in maximum larval sizes occurred between sexes and 
sites. 
Size-frequency distributions were constructed from head width 
measurements of up to 278 larvae per bimonthly collection from the four 
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streams. Older larvae (head widths ~ 1.00 mm) were sexed by eye 
dimorphism; males can be distinguished from females by a double pair of 
eyes. When collections were very large, the whole sample was stirred in a 
petri dish marked into quarters and only larvae settling in one or two 
randomly selected quadrants were measured. Animals with bodies (excluding 
cerci) touching the dividing lines were included in the subsample. Validation 
of this subsampling procedure was obtained by comparing sizes of larvae from 
one quadrant with those from a whole sample. The subsample size-frequency 
distribution deviated from the true distribution by < 2 % for any size class. 
Production estimates 
Annual production of Deleatidillm at the four sites was calculated using 
the Size-frequency (Hynes) method (Hamilton, 1969; Benke, 1979) which 
assumes that an average size-frequency distribution obtained from samples 
taken over a year will approximate the mean survivorship of a hypothetical 
"average cohort" (Benke, 1984). The method does not require that discrete 
cohorts be identified, an important advantage when calculating production of 
taxa like Deleatidium spp. which can have poorly-synchronised life histories 
(Wint,erbourn, 1974; Towns, 1981; Towns, 1983b). 
Production of Deleatidium at each site was estimated from six bimonthly 
samples. Mean annual densities (number per m2) were calculated for nine 
size classes (0.20-2.00 mm head width), and converted to biomass using a dry 
weight to head width relationship provided by M.J. Winterbourn. Weight 
losses between successive size classes were summed and multiplied by the 
number of size classes to provide an estimate of production (Benke, 1984). 
Apparent negative production, which occurred only in the first two size 
classes (0.20-0.60 mm head width), was not included in the final summation, 
as recommended by Benke & Wallace (1980). All populations were treated as 
univoltine (i.e., cohort production index = 1; see Section 6.3.2.). 
6.2.3. Gut Content Analyses 
Collection 0/ invertebrates 
Benthic kick samples (l mm mesh net) were taken from Hidden Creek, 
Toilet Stream, Steep Creek and Suspect Stream in November 1986 and May 
1987, and were preserved with 10 % formalin in the field. Four insect taxa 
were sorted from the samples for gut content analyses: Deleatidiunl spp., 
Austroperla cyrene, Stenoperla maclellani and Zelandobills con/usus. These 
THE"LlBRARY 
UNIVERSITY OF CAN.TERIlUR'f 
CHRISTCHURCH, NL 
100 
taxa were known to occur in all four streams, but larvae of Z. con/usus were 
more abundant at the brown water sites whereas the other taxa were more 
common at the clearwater sites (see Table 6.2.). 
Preparation 0/ gut contents 
Gut contents of the selected taxa were prepared for examination as 
described by Cowie (1980). Head widths of larvae were measured with a 
calibrated eyepiece graticule and guts were excised from up to ten 
similar-sized larvae from each site (Table 6.1.). No larvae of A. cyrene were 
collected in May and no Z. con/usus were taken in November from Suspect 
Stream. 
Contents of midguts and/or foreguts (depending on degree of fullness) 
were teased into a watchglass containing distilled water and, after transfer to 
a test tube, were dispersed for 45-60 seconds with a Mettler Electronic 
ultrasonic cleaner. The dispersed material was filtered on to a membrane 
filter (0.45 Jim) through a Millipore funnel (16 mm diameter) fitted when 
appropriate with tapered, perspex shims (8 or 5 mm inner diameter) to 
concentrate material. Filters containing gut contents were mounted on slides 
in lactophenol-PV A stained with Lignin Pink and dried at 370 C for five 
weeks before examination. 
Examination 0/ gut contents 
Filters mounted on slides were viewed at 400 times magnification with a 
Wild Heerbrug M20 phase-contrast microscope fitted with a gridded eyepiece. 
Food items were classified into one of eight categories (see legend to Fig. 
6.7.). The "other" category included all material which was not readily placed 
in any other group and always comprised less than 4 % of total gut contents. 
On each slide, 20-30 randomly selected fields were viewed and items cut by 
ten cross hairs on a transect through each field were recorded . 
. Table 6.1. Range of body lengths (A. cyrene only) or head wIdths (all other 
taxa) (mm) of larvae IIsed for gilt content analyses, and number of guts pooled 
for each analysIs (parentheses). N, November 1986; H, Hay 1987. -, no gilts 
examIned or gills empty. 
'"dden Toilet steep SlIspect 
Creek stream Creek Stream 
Delcntidi/l/1l N 1.3-1.5 (10) 1.3-1.5 ( 10) 1.3-1.5 (10) 1.3-1.5 (10) 
!Pp. H 1.2-1.5 (10) 1.2-I.S (10) 1.3-I.S (10) 1.3-I.S (10) 
Zelm,dnbl'l$ N 0.9-1.3 (10) 
COli/lUlU H 0.8- 1.1 (10) 0.9-1.0 (10) 
Slellnperin N 1.8 (I) 2.0-2.3 (S) 2.2-2.S (2) 1.7-1.9 (2) 
/1Inc/ellmli H 1.8-2.4 (3) 1.6-2.S (S) I. 9 (I) 
AII.!I,nperln N 8.2-10.2 (4) 9.0-11.0 (4 ) 8.5-11.2 (4) II.S (I) 
eyre lit H 8.8-9.8 (4) 7.9-11.2 (4) 4.8-7.0 (2) 
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6.3. RESULTS 
6.3.1. Composition and Density of Invertebrate Faunas 
Taxonomic richness 
Overall, 74 taxa were collected from the four South Westland streams 
during the study, and over 80% of these were insects (Table 6.2.). Almost all 
insect orders were better represented at the clearwater sites where 64 
invertebrate taxa were recorded during the study, 56 in Toilet Stream (Table 
6.3.). By comparison, 47 taxa were collected from the two brownwater 
streams which contained fewer representatives of all insect orders except 
Megaloptera. Nevertheless, only six more taxa were recorded in Hidden Creek 
(clear) than Steep Creek (brown) where all insect orders were represented by 
very similar numbers of taxa (Table 6.3.). The total number of taxa collected 
on each sampling occasion was relatively constant at the four sites (Fig. 6.1.), 
although not all were taken at anyone time. Numbers were consistently 
higher in the clearwater st'reams (30-38 taxa) whereas Suspect Stream always 
had the lowest number of taxa (19-24). 
Sixteen of the taxa (including the myzobranchia subgroup of 
Deleatidium; see later) common to both clearwater streams were not found at 
either acid site (Table 6.2.). Six of these taxa were Trichoptera, although 
only PhiiorheithrtlS agilis larvae were abundant at any site (mean> 50 m-2). 
Nesameletlls sp. (Ephemeroptera) was also common in both clearwater streams 
but was not found at the brownwater sites where another mayfly, Ameletopsis 
perscitus, was relatively abundant. The latter was one of only five taxa 
which were taken exclusively from both brown water streams (Table 6.2.). 
Invertebrate densities 
Bimonthly densities of benthic invertebrates at the four South Westland 
sites ranged from 580 to 8436 individuals m-2 and, except in January, were 
always highest at the two clearwater sites (Fig. 6.2.). ' Large numbers of 
chironomid larvae were responsible for the high total invertebrate density in 
Steep Creek in January (see Fig. 6.3.). The number of species taken was 
temporally most variable in Toilet Stream and Steep Creek (CY = 47 % and 
45 %, respectively) followed by Suspect Stream (CY = 36 %) and Hidden 
Creek (CY = 26 %). Comparable temporal patterns of abundance were found 
at the clearwater sites. Distinct peaks occurred in July when sampling was 
preceded by a prolonged dry spell, and troughs were observed in September 
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TRICBOPTERA 
lIelieopsycl,e sp. + 13 0 0 
Rakillra vema/e 0 0 23 0 
DeeolleSIIS sp. 43 15 0 0 
Phi/orl,e;Ilrrlls agilis 137 65 0 0 
Dlillga /eredayi 484 75 0 + 
COllllx/a gllll/,i + 0 + 0 
Trlp/eelie/es sp. 0 + + 0 
Ze/o/essiea clreira + 0 112 16 
Alloeeelllrella magllieon,is 0 0 10 + 
AOleapsyche sp. 0 + 0 0 
Dxyet/,ira a/biceps 0 + 21 + 
Paroxyet/,ira (ealolli complex) + 0 + + 
Ecnomidne 0 + + 0 
lIye/robiosella sp. 25 14 + + 
Po/yp/eelroplls sp. 0 + + t 
Coslaclrorema sp. 11 + 0 0 
lIydrobiosis sp. 12 + + 0 
Ee/ perc/valia maxima + + 0 0 
1I"e/rochorema lellllicalle/alllm + + 0 0 
lIydrocirorema crass;calldalllm + 0 0 0 
Psiloclrorema sp. 0 + 11 12 
MEGALOPTERA 
A rcl,iclrnllliod e s d;verslls 0 0 19 12 
COLEOPTERA 
Podaella sp. + + + + 
Ifelodidne 0 + + 14 
lIydophilidne 0 + + 0 
lIydora sp. 56 41 158 26 
Plilodnclylidne + + 0 0 
DIPTERA 
Chironomidne 882 502 613 152 
AIIS/I'os;mlllillm sp. 33 35 + + 
Cera lopogonidae + + 26 19 
Empididae 44 12 17 t 
Psychod idne t + + 0 
Slrnliomyidne 0 + 0 0 
Neocllfllp;rt, 'II/e/soll; 0 + 0 0 
Ilexa lomi n i sp.A 29 15 + + 
Ilexalomini sp.B + t t 0 
Erioplerini 18 30 + 0 
Aplrroplrila lIeote/m,diea + 0 0 0 
Paralimlloplrila skllse; 0 + 0 0 
Ze/m,e/oliplI/a sp. 0 0 0 t 
Limoll;a sp. + t 0 0 
Muscidae + + t + 
* , Two subgroups (1;l1i; and myzobranchia) were present In Itldden Creek and 
Toilet Stream, whereas only the ';"ii subgroup was found at the brownwater 
sites. 
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Figure 6.1. Numbers of benthic invertebrate taxa recorded in 
Hidden Creek (0), Toilet stream (e), Steep Creek (0) and Suspect 
stream (.) on six dates in 1985-86. 
Table 6.3. Numbers of insect and total Invertebrate taxa taken 
from clearwater and brownwater streams between Harch 1985 and 
February 1986. 
Clearwater Brownwater 
Sites Ilidden Toilet Tota 1 Steep Suspect Total 
Ephemeroptera 4 5 5 2 2 2 
Plecoptera 7 10 11 7 7 10 
Tri choptera 13 15 19 12 8 13 
Diptera 11 13 14 9 7 10 
Coleoptera 3 5 5 4 3 4 
Hegaloptera 0 0 0 1 I I 
Total 
invertebrates 47 56 64 41 33 47 
103 
10000 
8000 
----~ 
e 
~ 6000 ~ 
~ 
. 
0 
c 
~ 
~ 
~ 
.~ 
~ 4000 c, ~ 
Cl 
2000 
April June Aug. Oct. Dec. Feb. 
Figure 6.2. Densities (x ± 1 SE, n ~ 4-5) of benthic 
invertebrates collected from Hidden Creek (0), Toilet stream (.), 
Steep Creek (0) and Suspect Stream (.) on six dates In 1985-86. 
Error bars are not shown If accomodated within the symbol. 
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Figure 6.3. Densities (x ± 1 SE, n e 4-5) of larval Austroperla 
cyrene, Sfenopetla maclellan" Zelandobius confusus (all 
Plecoptera) and Chironomidae collected from Hidden Creek (0), 
Toilet stream (e), Steep Creek (0) and Suspect stream (.) on six 
dates in 1985-86. Error bars are not shown if accomodated within 
the symbol. 
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when flows were relatively high (see Table 4.7.). Benthic invertebrate 
densities at the brownwater sites did not show the same temporal pattern even 
though they had similar flow regimes. 
Deleatidium spp. larvae (Ephemeroptera) were the most common benthic 
invertebrates at all sites except Toilet Stream where the hydrobiid snail, 
Potamopyrgus antipodarum, was most abundant (Table 6.2.). At the clearwater 
sites, Deleatidium populations included species belonging to the informal 
myzobranchia and lillii subgroups (Winterbourn & Gregson, 1981), whereas 
only the fillii subgroup was found in the brownwater streams (see Section 
6.3.2. for further results). Chironomid larvae were also common at all sites, 
with mean annual densities between 152 and 882 m-2 (Table 6.2.). Densities 
of chironomids fluctuated considerably at both brown water sites (CY = 93 % 
and 85 % in Suspect Stream and Steep Creek, respectively), but their numbers 
were relatively constant in Toilet Stream (CY = 39 %) and Hidden Creek (CY 
30 %) (see Fig 6.3.). 
Other taxa which were present at all sites and were abundant (average> 
50 individuals m-2 in one or more streams) were the elmid beetle Hydora sp. 
which was most common in Steep Creek, ostracods, oligochaetes, and the 
stone flies A. cyrene and S. maciel/ani (Table 6.2.; see also Fig. 6.3.). Mean 
annual densities of the three last-named taxa were 3-22 times higher in the 
clearwater streams than at either brownwater site. In contrast, mean annual 
densities of another stonefly, Z. con/usus, were almost always much greater in 
the brownwater streams and were highest in Suspect Stream (Table 6.2; see 
also Fig. 6.3.). 
6.3.2. Deleatidium Populations 
Densities and biomass 
Both density and biomass of Deleatidium were highest in Hidden Creek 
(1416-2318 m-2 and 0.112-0.376 g dry weight.m-2, respectively) on all 
sampling dates except in March when densities were highest in Toilet Stream 
(Fig. 6.4.). The latter site almost always had more larvae than Steep Creek or 
Suspect Stream where densities were similar on most dates (range 234-1054 
m-2). In May, Toilet Stream had the lowest Deleatidium biomass recorded 
during the study (0.020 g.m-2), but at other times biomass was similar to that 
in Steep Creek and Suspect Stream. Densities were most variable in Toilet 
Stream (CY = 52 %) followed by Suspect Stream, Steep Creek and Hidden 
Creek (CY = 45 %, 44 % and 20 %, respectively). 
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Figure 6.4. Densities and dry weights (x ± 1 SE , n e 4-5) of 
De1eaLidium (Ephemeroptera) larvae collected from Hidden Creek (0) 
Toilet Stream (e), Steep Creek (0) and Suspect stream (.) on 
six dates in 1985-86. Error bars are not shown If accomodated 
within the symbol. 
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Filial illstar sizes alld larval sex ratios 
Final instar male and female larvae could not be distinguished on the 
basis of size at any site (Table 6.4.), and neither could final instar larvae of 
the lilli; and myzobrallchia subgroups in Hidden Creek (Mann-Whitney U, P > 
0.05). However, significant differences in maximum larval size (both sexes 
and subgroups combined) were apparent between sites (Kruskal-Wallis test, P 
< 0.001) with largest mean final instar larval size recorded in Hidden Creek, 
and the smallest in Suspect Stream. Similar proportions of female and male 
Deleatidium larvae with head widths ~ 1.00 mm were found in Hidden Creek, 
Steep Creek and Suspect Stream (52-56 % females and 44-48 % males), but in 
Toilet Stream females were much more abundant (64 %). 
Table 6.4. Head widths (mm) of final instar De1eatidium larvae 
(male, female and combined sexes) collected from four South 
Westland sites between March 1985 and February 1986. 
Mean S.D. n Range 
Hidden 1. 55-1. 95 male 1.71 0.09 31 
female 1. 72 0.11 15 1. 50-1. 95 
combined 1. 71 0.09 46 1. 50-1. 95 
Toilet 1.69-1.79 male 1. 74 0.07 2 
female 1.66 0.07 3 1. 58-1. 72 
combined 1.69 0.08 5 1. 58-1. 79 
Steep 
1.64 0.07 8 1.54-1.72 male 
female 1.67 0.13 16 1.50-1.92 
combined 1.66 0.11 24 1. 50-1. 92 
Suspect 
1.60 0.09 17 1.45-1.76 male 
female 1. 57 0.17 10 1.39-2.00 
combined 1.59 0.12 27 1. 39- 2.00 
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Size- frequency distributions 
The life history patterns of Deleatidium were indistinct at all sites and 
most size groups of larvae were present on all dates in all streams (Fig. 6.5.). 
Deleatidium populations were dominated by small individuals on most dates, 
although few larvae with head widths less than 0.4 mm were collected, 
presumably because most passed through the 0.5 mm mesh net. The 
preponderance of small larvae was most apparent in Toilet Stream where 87 % 
of all larvae collected had head widths < 1.00 mm. Larvae with head widths 
< 1.00 mm made up 74 % and 78 % of individuals in the brown water 
streams, and 69 % in Hidden Creek. Final instar larvae were present in all 
bimonthly samples obtained from Hidden Creek, Steep Creek and Suspect 
Stream except those taken in July (Fig. 6.6.), and were most abundant in 
summer (November, January or March). In Toilet Stream, only five final 
instar larvae were collected during the study period and they were taken in 
November and January. 
Production estimates 
Although size-frequency distributions did not reveal clear life history 
patterns, the predominance of final instar larvae in summer suggested that 
there was probably one generation per year at all sites. Thus, a cohort 
production index of one was assumed when calculating annual production. 
Deleatidium production at the four sites ranged from 2.49 to 10.35 g dry 
weight.m-2.y-l and annual biomass was between 0.38 and 1.57 g.m-2 (Table 
6.5.). Both production and biomass were highest in Hidden Creek and lowest 
in Suspect Stream. Annual production/biomass ratios (Table 6.5.) are believed 
to be related to individual growth rates and are roughly equivalent to biomass 
turnover rates (Benke, 1984). P/B ratios were similar at all sites and ranged 
from 6.2 (Steep Creek) to 7.2 (Toilet Stream). 
Table 6.5. Annual production (P), biomass (B) and PIB ratios for 
Deleatidium populations at four South Westland streams between 
March 1985 and February 1986. All values are dry weights. 
Clearwater Brownwater 
Hidden Toilet steep Suspect 
Pro~~ct!yn 10.35 3.77 3.68 2.49 g.m .y 
Bio~~ss 1. 57 0.53 0.59 0.38 
g.m 
PIB y-l 6.6 7.2 6.2 6.6 
.Iuly 
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Figure 6.5. Size-frequencies of Deleatidium spp. larvae laken In 
4-5 Surber samples on six dales In 1985-86 from four South 
Weslland streams. 
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Figure 6.6. Numbers of final Instar Deleatidium spp. larvae 
taken In 4-5 Surber samples from four South Westland streams on 
six dates In 19B5-B6. Shaded portions of histograms represent 
larvae with dark wing pads. 
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6.3.3. Gut Content Analyses 
Guts of Zelandobius con/usus larvae taken from both clearwater streams 
in November and May were empty, but in Steep Creek and Suspect Stream 
guts contained mostly fungal hyphae (39-72 %), FPM (23-36 %), as well as 
small quantities of SPOM (5-13 %) and MPOM (5-10 %) (Fig. 6.7.). Most of 
the fungi in Z. con/usus guts (Plate 6.1.) were sooty moulds (Euantennariaceae 
and Metacapnodiaceae) which are terrestrial species that grow on honeydew 
excreted by scale insects infesting trees (Hughes, 1972), and would ha ve 
entered the streams on allochthonous litter. Diatoms were common only in 
November (5 % of total contents) and only in guts of larvae from Steep 
Creek which had a relatively open canopy (see Section 2.3.2.). 
Gut contents of A. cyrene were dominated by FPM at all sites except 
Suspect Stream where sooty mould fungi comprised 65 % of contents in 
November (Fig. 6.8.; Plate 6.1.). These fungi were seen in guts of Steep 
Creek larvae as well, but were not observed in larvae from the clearwater 
sites. SPOM and MPOM .had been ingested by larvae at all sites, and were 
usually most common in Steep Creek where they comprised up to 18 % and 
14 % of gut contents, respectively. 
Gut contents of Deleatidium larvae collected from all sites in November 
and May were dominated b.y fine particulate matter (FPM) which represented 
69-99 % of total contents (Fig. 6.9.; Plate 6.1.). The proportion of FPM was 
highest in larvae from Suspect Stream and lowest in Toilet Stream larvae on 
both dates. Diatoms were significantly more common (9-21 % of total 
contents) in guts of Deleatidium larvae from the clearwater streams than from 
Steep Creek (2-7 %) (t-test, P < 0.05; arcsine square root (x) transformed); no 
diatoms were recorded in guts of larvae from Suspect Stream. Filamentous 
algae were common (8-13 %) in guts of larvae from Steep Creek, but were 
rarely seen at other sites. 
The guts of S. maclellani larvae taken from Toilet Stream in May were 
empty, but on other dates they contained mainly animal tissue (32-82 %) and 
FPM (17-66 %) at all sites (Fig. 6.10.). Significantly more animal material 
(mostly Deleatidium) and less FPM had been ingested in the clearwater than 
the brown water streams where chironomids were the most abundant prey 
(t-test, P < 0.05; arcsine square root (x) transformed). 
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F1gure 6.7. Percentages of eight food categories found in guts 
of lelandobius confusus larvae from Suspect Stream (May 1987) and 
Steep Creek (November 1986 and May 1987). Only categories which 
comprised ~ 5 % of total gut contents are labelled. 
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F~gure 6.B. Percentages of eight food categories found In guts 
of Austroperla cyrene larvae collected In November 1986 and May 
1987 from four South Westland siles. Conventions as for Figure 6.7 .. 
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Figure 6.9. Percentages of eight food categories found In guts 
of Deleatidium spp. larvae collected in November 1986 and Hay 
1987 from four South Westland sites. Conventions as for Figure 
6.7. 
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Figure 6.10. Percentages of eight food categories found In guts 
of Stenoper1a mac1e11an; larvae collected In November 1986 and 
Hay 19B7 from four South Westland streams. Conventions as for 
Figure 6.7. 
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Plate 6.1. Light micrographs of gut contents of three 
invertebrate taxa collected in November 1986 or May 1987 from 
four South Westland streams. Guts of Delealidium spp. larvae (A, 
B) were dominated by fine particulate matter (FPM) and diatoms 
(arrows) were also relatively common in larvae from the 
clearwater sites. Zelandobius con/usus larvae from Steep Creek 
and Suspect Stream had ingested large amounts of sooty mould 
fungi (C, D) as had Auslroperla cyrene larvae from the latter 
site (E). In contrast, A. cyrene larvae from the other sites 
(e.g., Hidden Creek; F) ingested predominantly fine, small 
organic and medium organic particulate matter (sce Section 
6.3.3.). 
A, 
B, 
C & D, 
E, 
F, 
Delealidium spp. from Toilet Stream in November. 400 x mag. 
D. fillii from Steep Creek in November. 400 x. 
Z. COil/USUS from Suspect Stream in May. 40 x (C) and 100 x (D). 
A. cyrene from Suspect Stream in November. 100 x. 
A. cyrene from Hidden Creek in November. 100 x. 
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6.4. DISCUSSION 
Invertebrate faunas of South Westland streams 
Although the number of taxa collected on each sampling date was always 
higher in the clearwater streams, overall differences between sites in numbers 
of taxa in the various insect orders were small. This suggests that water 
chemistry did not have an over-riding effect on taxonomic richness at the 
four sites even though pH recorded in Steep Creek was as low as 4.3. All of 
the six most common taxa in the North Westland streams sampled (see Section 
5.4.) were found at most, if not all, of the South Westland sites, and although 
Ameletopsis perscitus was found only at the brownwater sites, it is widespread 
in West Coast streams in general (Winterbourn & Collier, 1987). Nesameletus 
sp. larvae were collected only from the circumneutral, clearwater sites and 
were not found by Winterbourn & Collier (1987) in West Coast waters with 
pH < 5.0. In laboratory bioassays, Nesameletus sp. larvae survived at a mean 
pH of 4.2-4.3 up to ten days after which mortality rates were rapid but 
similar to those of larvae kept in circumneutral water (Appendix V). 
Although differences in species richness between streams were small, 
total invertebrate densities were, on average, 2.4 to 4.8 times higher at the 
clearwater than the brownwater sites. Many factors are thought to affect 
invertebrate abundances in streams, and these can include current speed, 
substrate type, water temperature (Williams, 1981), food (Cummins & Laufr, 
1969), degree of canopy cover (Hawkins et al., 1982), predation by fish 
(Healey, 1984) and competition (Peckarsky, 1983). Differences in temperature 
or degree of canopy cover between streams were not consistent with higher 
densities at clearwater sites whereas fish were present only in the brown water 
streams and fed mostly on terrestrial prey (Main & Lyon, in press). Although 
some changes in total invertebrate density in Hidden Creek and Toilet Stream 
could have reflected antecedent flow conditions, densities at these sites often 
were similar on equivalent dates even though flow variability and magnitude 
were considerably greater in Toilet Stream. Substrate particle size distributions 
were not assessed in this study, but pfankuch (1975) stability ratings which 
take into account the proportion of stable bed materials and their degree of 
compactness were determined (see Table 2.2.). Stability ratings did not reflect 
patterns of invertebrate abundance among streams, but were related to 
temporal varia bili ty of the benthos such tha t fl uctua tions in density declined 
as bed stability increased. Temporal changes in abundance did not follow a 
seasonal pattern in any stream and there was a general lack of unison between 
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sites. 
The only species which was present at all sites but was more abundant 
in Steep Creek and Suspect Stream was the stonefly Zelandobius con/usus. 
Hildrew et al. (1984a) reported a similar phenomenon for some acidic streams 
in southern England where detritivorous stonefly densities were high even 
though total species numbers were low. They suggested that density 
compensation was occurring whereby reduced competition broadened niche 
width and enabled generalist stonefly species to attain high densities. In 
contrast, Deleatidium, Austroperla cyrene, Stenoperla maclellani and 
Oligochaeta, which were present at all sites, reached much higher densities in 
the clearwater streams. These taxa evidently were able to tolerate the acidic 
conditions in Steep Creek and Suspect Stream, but their success appeared to 
be limited by some factor(s) directly or indirectly associated with low pH 
(possibly food supply). 
Li/e histories and population dynamics 0/ Deleatidium 
Size-frequency distributions revealed that Deleatidillm populations at the 
four sites had poorly-synchronised life histories with most size classes present 
year round. All populations were dominated by small larvae on most dates 
indicating almost continual recruitment through delayed hatching or extended 
egg-laying. In this respect, life histories of South Westland Deleatidium 
populations resemble those studied by Winterbourn (1974) in the Selwyn and 
Scrimgeour (1987) in the Ashley, both lowland rivers in eastern South Island 
where hatching apparently occurred throughout the year and larvae of all sizes 
were present in most months. The presence of two or more species of 
Deleatidium with staggered life histories could partly explain the extended 
hatching periods and poorly-defined life histories in Hidden Creek and Toilet 
Stream. However, the same phenomena were observed at the two brownwater 
sites where gill morphology and abdominal pigmentation indicated that only 
one species was present. 
Overall densities of Deleatidillm larvae were 1.7-3.7 times higher at the 
clearwater than the brownwater sites, and were temporally least variable in the 
stream with the most stable bed and temperature regime (Hidden Creek). 
However, biomass in Toilet Stream was similar to that in Steep Creek and 
Suspect Stream, reflecting the greater abundance of smaller larvae at the 
former site. In contrast to the present study where no seasonal changes in 
biomass were evident, biomass of Deleatidium larvae in Lake Grasmere, near 
Cass (Greig, 1976), and in Selwyn River (Winterbourn, 1974) was highest in 
summer when large numbers of final instar larvae were present. 
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No significant differences in sizes of male and female Deleatidium larvae 
were found in the present study. However, Winterbourn (1974) and Greig 
(1976) reported that females were slightly smaller than males, whereas Towns 
(1983b) found that females of Deleatidium sp. A were larger than males in 
Waitakere Range streams. Sweeney (1984) suggested that larval maturation size 
was affected primarily by the quality of available food. Although mean sizes 
of final ins tar larvae were grea ter at the clearwa ter than the brown wa ter sites, 
no conclusions regarding food quality can be drawn from this because there 
was considerable variation in final instar sizes at all sites (largest individuals 
in fact were collected from Suspect Stream), and different species, which at 
present are indistinguishable as larvae (Winterbourn & Gregson, 1981), were 
almost certainly present at brownwater and clearwater sites. 
Most estimates of annual Deleatidium production in streams and lakes 
are less than 10 g dry weight.m-2 (e.g., Winterbourn, 1974*; Greig, 1976; 
Hopkins, 1976), although Scrimgeour (1987) recorded production of 44.49 
g.m-2.y-l in a riffle in Ashley River. Thus, Deleatidium production in 
Hidden Creek (10.35 g.m-2.y-l) is amongst the highest recorded for 
Deleatidium and was 2.7 to 4.2 times higher than at any of the other three 
South Westland sites. Even so, my values are likely to be underestimates 
because not all small larvae were collected by the 0.5 mm mesh net, a 
limitation which is unlikely to have led to an error any greater than 10 % 
(Clifford et al., 1979). The fairly stable flow and temperature regimes in 
Hidden Creek should have provided a relatively benign habitat (sensu 
Peckarsky, 1983) which appears to be reflected in the comparatively low larval 
mortality and high productivity of Deleatidium larvae at this site. In contrast, 
low bed stability and more variable flow and temperature regimes appear to 
have limited production of Deleatidium larvae in the other streams where few 
larvae were found in late instars. This may have been compounded at the 
brown water sites by poor quality food, particularly in Suspect Stream which 
had a more stable bed but lower Deleatidium production than Steep Creek. 
*, revised calculations indicate that the correct production estimate for this 
study was 19.57 g.m-2.y-l. 
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Diets 0/ key taxa 
Gut contents of Deleatidium, A. cyrene, Z. con/usus and S. maciel/ani 
were examined to investigate whether differences in densities between 
brownwater and clearwater sites could be related to the nature of material 
ingested. Although high relative abundance of an item in the digestive tract 
does not prove its nutritional importance, it does implicate it as a major 
source of nourishment and gives clues to the principal feeding sites of 
diff eren t taxa. 
Sooty mould fungi dominated gut contents of Z. con/usus in Steep Creek 
and Suspect Stream where larval densities were much higher than at the 
clearwater sites. These fungi were also consumed by larvae of A. cyrene at 
the brown water sites, but this species was more abundant in Hidden Creek 
and Toilet Stream where sooty mould did not colonise riparian vegetation. 
Sooty mould fungi were probably consumed while eating leaf material and this 
feeding activity presumably generated the fairly large proportions of MPOM, 
SPOM and FPM found in A. cyrene guts. 
The larvae of S. maclellani preyed predominantly on chironomids in 
Steep Creek and Suspect Stream, but Deleatidium larvae were the main prey 
at the clearwater sites where they were more abundant. Winterbourn et al. 
(1984) found that larvae of Stenoperla prasina fed predominantly on 
Deleatidium and to lesser degrees on chironomids and small stoneflies in 
Devils Creek, a circumneutral clearwater stream in North Westland. In other 
studies, filamentous algae and detritus have been recorded in Stenoperla guts 
(Winterbourn, 1974; Winterbourn, 1982; Winterbourn & Rounick, 1985), 
suggesting that larvae of this taxon can be opportunistic feeders. FPM was 
abundant in S. maclellani guts at most South Westland sites, although some of 
this could have come from prey digestive tracts which may be important 
sources of predator nutrition (Cummins, 1973). Overall, S. maclellani guts from 
the clearwater sites contained proportionately more animal material (69-82 % 
of gut contents) than larvae from the brownwater sites (32-62 %), suggesting 
that limited prey availability and the absence of high quality alternative foods 
may limit densities of S. maclellani larvae in the brown water streams. 
Deleatidium guts were dominated by fine particles at all sites, diatoms 
were ingested in Hidden Creek, Toilet Stream and Steep Creek, and 
filamentous algae were also consumed at the latter site. Surprisingly, more 
diatoms were ingested by larvae from Toilet Stream than Hidden Creek where 
the stream bed was more exposed to direct sunlight. Winterbourn et al. 
(1984) found that 99 % of Deleatidium gut contents in Devils Creek, North 
Westland, were fine particles < 75 /lm, apparently mostly of terrestrial origin. 
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Differences in densities of Delealidium at the four sites could have been 
influenced by differences in the nutritive quality of epilithic FPM (discussed 
further in Chapter 7). 
Several workers have expressed responses of benthic assemblages to 
acidification in terms of changes in functional feeding group representation, 
and interpreted this to reflect alterations in the type or quality of food 
available (e.g., Hall el al., 1980; Otto & Svensson, 1983; Townsend et al., 
1983; Mackay & Kersey, 1985). However, the accuracy of functional feeding 
group classifications has been questioned by Hawkins el al. (1982) who 
suggested that food and feeding methods of most aquatic insects are likely to 
be more varied than such groupings acknowledge. I have not presented my 
results in terms of functional feeding group representation because several 
studies (see Winterbourn el al., 1984 and references therein) have indicated 
that many members of New Zealand stream invertebrate faunas are 
herbivore/detritivores which can not be assigned reliably to shredder, scraper 
or collector/grazer guilds. 
CHAPTER 7 
COMPOSITION. STRUCTURE AND GRAZING OF 
EPlLITHON IN SOUTH WESTLAND 
STREAMS 
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7.1. INTRODUCTION 
Stone surface organic layers in streams (epilithon) typically are 
composed of an interwoven matrix of slime, fungi, bacteria, algae and fine 
particulate matter, and represent a potentially important food source for 
many stream invertebrates (Madsen, 1972; Rounick & Winterbourn, 1983a; 
Winterbourn et al., 1985). Most Northern Hemisphere studies into the 
effects of acidification on epilithon have revealed an increase in algal 
biomass with decreasing pH (Hendrey, 1976; Hall et al., 1980; MUller, 1980; 
Allard & Moreau, 1985; Mulholland et al., 1986). Reasons proposed for the 
increase include lower grazing pressure by invertebrates, a successional shift 
to acid tolerant algal species, and reduced microbial decomposition of 
periphyton (Hendrey, 1976; Hall et al., 1980). In contrast to the studies 
mentioned above, Maurice et al. (1987) recorded lower periphytic biomass in 
experimentally acidified Michigan streams, apparently as a result of lower 
nutrient availability and elevated metal (aluminium and/or iron) 
concentrations, whereas Tease & Coler (1984) found that low pH alone was 
sufficient to eliminate algae in waters acidified by coal leachates. Few 
workers have investigated responses of other components of epilithon to 
acidification, although Palumbo et al. (1987b) studied epilithic bacterial 
communities in some acidic Tennessee and North Carolina streams, and 
found that bacterial biomass and productivity were correlated positively 
with water pH. 
In New Zealand streams, many invertebrates occur predominantly on 
stony substrata and organic layers on stone surfaces appear to be their main 
feeding sites (Winterbourn et al., 1981; Rounick & Winterbourn, 1983a). 
Differences in the composition and structure of epilithon between streams 
therefore might be expected to influence densities and productivity of 
benthic invertebrates, in particular those of Deleatidium (Ephemeroptera: 
Leptophlebiidae) larvae which feed on stone surfaces and occur in many 
New Zealand streams (Rounick & Winterbourn, 1983a). 
I investigated the biological and chemical composition of epilithic 
communities in two acid brownwater streams and two circum neutral 
clearwater streams in South Westland (see Fig. 2.3.) to determine whether 
differences in epilithon might contribute to the lower invertebrate densities 
observed at the acid sites. In addition, I measured rates of ingestion by 
Deleatidium larvae of epilithon from an acid and a circumneutral stream. 
7.2. METHODS 
7.2.1. Field Sampling 
Equipment and sampling protocol 
On 22-25 January 1985, wire-framed "baskets" covered with 7 mm 
plastic mesh (30 x 30 em square, 11 em deep) were filled with gravel and 
embedded in the stream beds of Hidden Creek, Toilet Stream, Steep Creek 
and Suspect Stream to provide stable attachment points for other 
experimental equipment (Plate 7.1.). Perspex egg trays were perforated to 
permit throughflow of water and were attached to baskets to accomodate 
experimental substrata (six greywacke river stones and one carbon rod). 
Trays were covered with thin plastic netting (20 mm mesh) to prevent 
stones washing away during high flows. Triangular pieces of perspex each 
drilled with two holes were secured to the downstream corners of all 
baskets to house scanning electron microscope (SEM) stubs on which stone 
chips were mounted (Plate 7.1.). 
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Stones were collecteq from the stream beds at the four South Westland 
sites for measurements of epilithic organic carbon on 22-25 January 1985, 
concurrently with the introduction of experimental equipment and substrata. 
Subsequently, stones from the trays and SEM stubs were removed for 
analysis and replaced with clean (chromic acid washed) substrata at 
approximately two monthly intervals until the main sampling program was 
terminated in January 1986. Epilithon grazing experiments were conducted 
in November 1986 and May 1987. 
Electron microscopy 
Greywacke stone chips were glued with BostikR to SEM stubs which 
were. placed in stub holders attached to baskets in the streams (Plate 7.1.). 
Two stubs were oriented face-up and two face-down in each stream. After 
two months, stubs were removed, stored in 5 % gluteraldehyde in phosphate 
buffer and replaced with new stubs on which clean stone chips were 
mounted. Colonised stubs were rinsed twice in phosphate buffer, 
dehydrated in an alcohol series (Rounick & Winterbourn, 1983a), and 
air-dried. After coating with 50 nm of carbon/gold palladium, stone 
surfaces were viewed with a Cambridge Steroscan MK II SEM at 
magnifications up to 10000 times. 
Plate 7.1. Experimental equipment used for analysis of epilithon 
in four South Westland streams. Upper photo shows perforated, 
plastic stone trays which permitted throughflow of water (scale bar 
= cm). Middle photo shows "baskets" (30 x 30 cm) containing stone 
trays, a carbon rod (thin arrow) and a SEM stub (thick arrow). 
Bottom photo shows experimental stream channels (105 cm long) 
containing artificial substrata in position at Steep Creek (see 
Appendix VI). Two solutions of KOH were piped from the white 
containers into two channels to elevate water pH, whereas water in 
a third channel was unmodified. 
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E1lergy dispersive X-ray a1lalysis (EDAX) 
The elemental composition of epilithic communities at the four sites 
was determined using EDAX coupled to the SEM. This technique identifies 
which elements are present according to the wavelengths of X-rays emitted, 
and the numbers of emissions (per second) provide a semi-quantitative 
assessment of elemental abundance. 
Carbon rods (5 mm diameter, 10-15 mm long) were attached to trays 
(Plate 7.1.) at the four sites on two occasions (March and September 1985) 
and, after about two months (May and November, respectively), were 
removed, air-dried and stored in dust-proof containers. Before analysis with 
an EDAX 9100 system, rods were mounted on SEM stubs with carbon paste 
and coated with 50 nm of carbon. Randomly selected areas (n = 5 per 
sample) of rod surface and individual components of the periphyton 
(diatoms and algal filaments) on which no mineral particles could be seen 
were analysed. Readings were normalised against a blank carbon rod so 
that only emissions from material which had accrued on rod surfaces since 
their introduction into the streams were counted. Fields were analysed for 
60 (May) or 100 (November) seconds with the system set at 20 kV, 50 Jim 
aperture and spot size 6. 
Respiration a1ld primary productio1l 
. After removal from trays, stones were placed in stream water in a 
specially constructed perspex carrying box consisting of two tiers, each with 
six compartments (one per stone) designed to prevent epilithic layers 
abrading during transport. Stones were kept as cool as possible until 
respiration experiments could be started at the field base (up to six hours 
later). 
Six stones from each site were placed in clean (chromic acid washed) 
glass jars (volume 110 ml) and water collected from the same stream was 
decanted carefully into these so as not to disturb the epilithon. Six jars 
containing water but no stones served as controls. Filled jars were closed 
with rubber bungs and any remaining air was evacuated through syringe 
needles which were then sealed with parafilm. 
Stones were incubated in dark and then light conditions inside a 
closed, white wooden box (60 cm long, 25 cm wide, 28 cm deep). For dark 
incubations the box was lined with black PVC, but this was removed for 
light incubations which were carried out under a 20 watt Atlas artificial 
daylight tube fitted inside the lid. Incubation temperatures were kept as 
close as possible to ambient stream temperatures (usually ± 5°C), and 
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whenever necessary water piped from a nearby lake was circulated through 
the box to keep jars cool. After 10-16 hours incubation, the amount of 
oxygen consumed or produced in jars with and without stones was measured 
using a YSI Model 54 meter and probe. 
Values were adjusted for respirometer volume and expressed as pi 
oxygen consumed (community respiration) or produced (net primary 
production) relative to controls per cm2 of stone surface per hour (see 
following section for description of surface area measurement methods). 
Stones were frozen until TOe or photosynthetic pigment concentrations 
could be measured. 
Organic carbon analyses 
Total organic carbon (TOC) was measured using heat-by-dilution 
dichromate oxidation as described in Section 3.2.1. Stones were placed in 
100 ml beakers and organic matter was oxidised with 1 N potassium 
dichromate. After cooling, the acid/dichromate mixture was rinsed into 250 
ml flasks with 150 ml distilled water and titrated with 1 N ferrous sulphate 
following addition of phosphoric acid and indicator. Organic carbon was 
calculated using Equation 3 in Section 3.2.1. and expressed in terms of stone 
surface area (range 20-40 cm2). This was measured by wrapping stones in 
aluminium foil of known weight per unit area. 
Photosynthetic pigment analyses 
Chlorophyll a and pheophytin a were measured on stones (frozen 
following oxygen measurements) taken from streams in September and 
November 1985 and January 1986, and not used for TOC analyses. Stones 
were immersed in 90 % acetone (15-50 ml depending on size and shape of 
the stone) and pigments were extracted overnight in the dark at 40 C. 
Extract absorbances were read at 410, 430, 665 and 720 nm against a 
solvent blank on a Pye Unicam SP 1800 spectrophotometer and 
concentrations (per unit stone suface area) of chlorophyll a and pheophytin 
a were calculated by the method of Moss (l967a, b). Percent pheophytin 
was calculated using the 430:410 absorbance ratio-graphical technique and a 
standard curve based on average values of algal communities given by Moss 
(1967a). 
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7.2.2. Epilithon Grazing and Preference Experiments· 
Deleatidium grazing rates 
The amount and composition (organic/inorganic) of material grazed 
from streambed stones by Deleatidium larvae were measured to compare 
consumption rates of epilithic layers from a brownwater and a clearwater 
stream. Trials were run in November 1986 and May 1987 using identical 
experimental procedures. Fifteen stones of similar size were collected from 
Hidden Creek and Steep Creek, and placed in 2S0 ml tubs containing water 
from the same stream. Additional stones (10 per site) were collected, kept 
cool in the dark, and later frozen for TOC or photosynthetic pigment 
(Kontron Uvicon 860 spectrophotometer) analyses. Deleatidium larvae 
(300-400 per site) were collected concurrently and taken to the field base in 
water-filled plastic containers. 
All samples were kept cool (SoC) until experiments were begun (within 
six hours of sample collection). Stones and larvae were arranged in six 
combinations (1 stone and 9-1S larvae per tub; five tubs per combination) as 
follows: 
1) 
2) 
3) 
4) 
S) 
6) 
Hidden Creek stones and larvae; 
Hidden Creek stones, Steep Creek 
Hidden Creek stones, no larvae; 
Steep Creek stones and larvae; 
Steep Creek stones, Hidden Creek 
Steep Creek stones, no larvae. 
larvae; 
larvae; 
Trials were conducted in filtered (GF /C) water from the same stream 
as the larvae or, in trials without larvae, from the same stream as the 
stones. In May, larvae from each site were kept with water from that site 
but with plastic mesh instead of stones to determine the amount of 
faeces produced when feeding was prevented. All larvae were allowed to 
feed in the dark for 41-48 hours at 12-160 C. 
At the end of the experiments, larvae were removed, preserved with 10 
% formalin, dried (SO°C) and weighed (0.1 mg). Stones were removed from 
tubs and grazed material (faeces and other fine particulates) was collected 
on pre-ashed and pre-weighed GF /C filters. Filters and grazed material 
were dried, weighed, ashed and reweighed to estimate amounts (total and 
inorganic) of material present. The weight of organic material was obtained 
by difference. Blank filters subjected to all the above procedures were used 
to make any adjustments that were necessary as a result of changes in filter 
weight. 
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7.3. RESULTS 
7.3.1. Structure and Biological Composition of Epilithon 
Hidden Creek (Plate 7.2.) 
Electron microscopy showed that surfaces of stone chips oriented 
upwards in Hidden Creek were colonised predominantly by the diatoms 
Gomphonema subclavatum and Achnanthes minutissima, and by a blue-green 
alga (?Chamaesiphon sp.) which often carpeted stone surfaces beneath 
diatoms. ?Chamaesiphon sp. was most abundant in summer (March and 
November 1985, January 1986) whereas another diatom Cocconeis placentula, 
which was usually uncommon, was relatively abundant in July. Other less 
common diatoms found in Hidden Creek were Achnanthes linearis and a 
species of Fragilaria. Filaments of a cyanophyte, ?Lyngbya sp., occurred 
frequently between diatoms and in crevices, and patches of another 
blue-green, ?Mer;smopedia sp., were seen occasionally (e.g., in May). 
Bacteria often occurred on upper surfaces of stones in Hidden Creek, 
but fungi appeared to be uncommon. Epilithic layers at this site were 
generally free of non-celhdar material, but in May and September large 
amounts of amorphous material were visible. 
Toilet Stream (Plate 7.3.) 
Diatom densities were generally lower on upper surfaces of stone chips 
from Toilet Stream than Hidden Creek. In Toilet Stream, A. minutissima 
was the most abundant diatom with Aclmanthes lanceolata and some 
Coccone;s, Gompi1onema, Synedra, Fragilaria and possibly Eunotia species 
less common and often patchily distributed. ?Chamaesipi1on sp. was also 
present in Toilet Stream but in much lower densities than in Hidden Creek. 
Bacteria and threads of fungi and/or Actinomycetes were seen 
regularly on upper stone surfaces in Toilet Stream and often they were 
embedded in a matrix of mucilage. Epilithic layers were generally free of 
amorphous material, but in September, accumulations similar to those seen in 
Hidden Creek on the same date were evident. 
Stee p Creek (Plate 7.4.) 
Filamentous algae including Tribonema sp. (Chrysophyta) and 
Stigeoclollium sp. (Chlorophyta) were usually present on the upper surfaces 
of stone chips in Steep Creek. On most dates, only a few isolated strands 
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were seen, but in March, algal filaments formed a relatively dense covering. 
Diatoms were not as common at this site as in Hidden Creek, although 
Fragilaria ?vaucheriae and two species of Eunotia (E. curvata and an 
unidentified form) were sometimes abundant, especially in May. Fragilaria 
virescells, Synedra ?u/na and a creeping blue-green alga (?To/ypothrix sp.) 
occurred in Steep Creek but were rare. 
Few bacteria and fungi were seen on upper stone surfaces in Steep 
Creek although rods and spherical objects (possibly bacteria) were seen in 
May and June. Filaments of fungi or Actinomycetes were abundant in 
January whereas accumulations of amorphous material were found on most 
dates and were particularly extensive in May. 
Suspect Stream (Plate 7.5.) 
In March, surfaces of stone chips oriented upwards in Suspect Stream 
were covered by a thick layer of mucilage interwoven with threads. On 
other dates, a few scattered diatoms (mostly Fragilaria and Eunotia spp.) 
and filamentous algae were seen, and these were most common in November. 
?To!ypothrix was observed only in July. Bacteria were not abundant on 
any date but deposits of amorphous material were common. 
Epilitholl 011 under-sur/aces 0/ stones (Plate 7.6.) 
Lower surfaces of stone chips were colonised predominantly by 
bacteria, fungi and actinomycete-like filaments, although the degree of 
colonisation varied widely between sites and dates. Fungal hyphae were 
common in Hidden Creek in May but were seen rarely on other dates. In 
contrast, filaments and bacteria were characteristic colonists of downward 
facing stubs in Toilet Stream and sometimes they were associated with 
mucilaginous layers over stone surfaces (e.g., in January). Structurally 
similar layers were also seen in Suspect Stream in January, but otherwise 
the undersides of stones in that stream.- were coated lightly with 
amorphous material only. Some filamentous algae grew on lower surfaces of 
stone chips in Steep Creek (mostly in May) indicating that they received 
some incidental light. High densities of coccoid bacteria wer-e found in 
Steep Creek in May, but generally bacterial densities at that site were low. 
Plate 7.2. Scanning electron micrographs of epilithon colonising 
stone chips facing upwards in Hidden Creek. Diatoms present were 
mostly Gomphonema subclavatum (e.g., B) and Achnanthes minlltissima 
(E) although Cocconeis placentula (F) was relatively common in 
July. Filaments of ?Lyngbya sp. (C) also were seen. Another 
blue-green (?Chaemosiphon sp.) is visible in the background and was 
particularly common in November (D). Deposits of amorphous 
material were evident in May (B) and September. 
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Plate 7.3. Scanning electron micrographs of upper surfaces of 
stone chips incubated in Toilet Stream. The commonest diatom at 
this site was A. millutissima (B & D), although Gomphollema (A), some 
Fragilaria (thick arrow; C), SYlled."a (thin ar.ow; C) and possibly 
Eunotia (arrow; B) species were al50 seen. f acteria (E & F) were 
observed regularll as were fine filaments (?Actinomycetes) "hich 
sJmetiml,s coven:d daitoms (D). Amorphous material was CO.llmon in 
Septemt er only (B & C). 
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Plate 7.4. Scanning electron m:;crographs of epilithGn colonising 
stone chips facing upwards in Steep Creek. Filamentous algae were 
common in March (A) but were less abundant on other dates (e.g., B 
(May) & C (January». Fragila,.':a ?vallcheriae was the most common 
diatom (D), although Eunolia clI"vala (F) and Ellnolia s). were also 
evident. Amorphous material VI as often f,een on stone surfaces at 
this site (e.g., B, D, E & F). 
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Plate 7.5. Scanning electron micrographs of upper surfaces of 
stone chips incubated in Suspect Stream. Surfaces were covered by 
mucilage and filamentous organisms in March (A & D), but on other 
dates only a few diatoms (e.g., EUllotia sp. in F) or filamentous 
algae (e.g., ?Tolypothr;x, B) were seen. In A, crown-like 
structures were a3sociated with threads (fungi or Actinomycetcs); 
spherical objects (see arrow in F) may be blue-green algae. 
Amorphous material was common on most dates (e.g., C (January) & E 
(May». 
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Plate 7.6. Scanning electron micrographs of stone chip surfaces 
facing downwards at four South Westland sites during May (0 & E), 
September (B) and January (A, C & F). Undersides of stones were 
colonised predominantly by bacteria and threads (fungi or 
Actinomycetes). Some filamentous algae were seen in Steep Creek in 
May (D), but on most other dates amorphous material predominated at 
this site (e.g., E). Bacteria and threads were common on 
undersides of stones in Toilet Stream (B & C) and in Suspect Stream 
in January (F). Some bacteria were also seen on downward facing 
stone chips in Hidden Creek (A), but were less common there than in 
Toilet Stream. 
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7.3.2. Elemental Composition 
General fields 
Eleven elements were identified in epilithon from the four South 
Westland streams (Fig. 7.1.). Silicon was always the most abundant element 
because of the presence of diatom frustules and possibly silicate minerals 
which could have settled out on rod surfaces. In May, silicon counts per 
second (CPS) were up to 2.7 times higher in Hidden Creek than any at 
other site, but counts were much higher (up to 3.4 times ) in Suspect Stream 
in November when diatoms appeared to be relatively abundant (see previous 
section). 
Other common elements were potassium and calcium which are both 
characteristic of organic material, aluminium and iron (Fig. 7.1.). 
Statistically significant differences between sites (Kruskall-Wallis, P < 0.05) 
were detected on both dates for all major elements (silicon, aluminium, 
potassium, calcium and iron). Non-parametric multiple range comparisons 
(Zar, 1974) indicated that epilithon from Hidden Creek and Toilet Stream 
contained signifcantly (P < 0.05) more calcium (4-30 times) than either 
brownwater site (Table 7.1.). In contrast, Suspect Stream epilithon had 
significantly higher Quantities of iron on both dates, and more 
aluminium and potassium in November than any other site. ' 
Table 7.1. Between-site, non-parametric multiple range 
comparisons (Zar, 1974) of EDAX counts for five main elements 
detected in epilithon on carbon rods removed from four South 
Westland sites in May and November 1986. Sites are arranged in 
descending order (i.e., highest counts on the left) with 
relationships between sites shown as > (significantly different 
at P < 0.05) or ~ (not significantly different). H, Hidden 
Creek; T, Toilet Stream; St, Steep Creek; Su, Suspect Stream. 
May November 
Aluminium Su .. T > H > st Su > H .. T ,. St 
SI1 icon H > Su > T > st Su > H .. T Su 
Potassium T Su ,. H > st Su > st > H > T 
Calcium H > T > Su > st H > T > Su ~ st 
Iron su > T > H St su > St ,. T ,. H 
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Figure 7.1. EOAX counls (x ± 1 SEj n ~ 5) of X-rays emilled by 
elemenls found In eplltlhon colonislng carbon rods incubaled in 
four South Weslland streams on two dates. 
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Figure 7.2. EDAX tounts (Y± 1 SE; n • 5) of X-rays emitted from 
elements found on diatoms from Hidden Creek (Gomphonema 
subclavatum) and Suspect Stream (Fragilaria ?vaucheriae) , and algal 
filaments from the latter site In November 1985. 
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Diatoms and filamentous algae 
Specific components of epilithic communities were analysed to 
determine the relative abundances of elements that were either adsorbed to, 
or incorporated into, algal cells. As expected, silicon counts were very high 
(> 1500 CPS) in frustules of Gomphonema subclavatum (Hidden Creek) and 
Fragilaria ?vaucheriae (Suspect Stream) (Fig. 7.2.). Considerable amounts of 
silicon were also recorded for algal filaments from Suspect Stream, but 
counts were an order of magnitude lower than for diatoms. Potassium counts 
were relatively high (35-40 CPS) for both diatom species whereas iron 
counts were significantly higher for F. vaucheriae (Mann-Whitney U, P < 
0.05). Although mean calcium counts were higher (-5 times) for G. 
subclavatum than F. ?vaucheriae, the difference was not statistically 
significant. Algal filaments contained more potassium than did diatoms from 
both sites, and also appreciable amounts of iron and aluminium (Fig. 7.2.). 
7.3.3. Biomass 
Organic carbon 
Mean total organic carbon (TOC) concentrations on stones followed 
seasonal patterns at most sites (Fig. 7.3.). July minima were recorded in 
Hidden Creek (8.5 Jlg.cm-2), Toilet Stream (11.9 Ilg cm-2) and Suspect Stream 
(15.0 Jlg.cm-2), whereas in Steep Creek, TOC values were low between May 
and November (21.0-26.3 )lg.cm-2). Summer maxima at any site were 
recorded in either January 1985 or 1986 and ranged from 21.0 pg.cm-2 in 
Toilet Stream to 60.6 jlg.cm-2 in Steep Creek (Fig. 7.3.). Statistically 
significant differences in stone TOC concentrations between sites 
(Kruskall-Wallis, P < 0.05) were detected in January 1985 and July when 
concentrations were greatest in Steep Creek. 
Photosynthetic pigment 
Total pigment concentrations (chlorophyll a + pheophytin a) measured 
in September and November 1985 and January 1986 ranged from 0.08 to 
0.47 pg.cm-2, and both extremes were recorded in Hidden Creek (Fig. 7.3.). 
Mean monthly concentrations at other sites were less variable, particularly 
in Suspect Stream where they changed by only 0.01 jlg.cm-2 or less between 
sampling dates. Pigment concentrations were significantly different between 
sites only in November (Kruskall-Wallis, P < 0.05) when concentrations at 
both clearwater sites were greater than in either brownwater stream. 
50 
40 
30 
20 
10 
HIdden Creek. 
• N O~-4~~-L~~ __ LJ __ ~'~ __ L.-U 
's Jan. Harch Hay July Sept. lIov. Jan. 
3 
u 
~ 25 
20 
is-
10 
5 
Tol1 CIt stream 
..1 
• 
0.6 
0.4 
0.2 
o 
0.3 
0.2 
0.1 
60 
40 
20 
o 
50 
40 
30 
20 
10 
steop Croek. 
nllol 1 
Jan. Harch Hay July Sept. Nov. Jail. 
Suspect Stream 
139 
-0.2 
-0.1 N 
'n 
o 
t1t 
.3 
.... 
t:: 
Q) 
E 
t7> 
0. 
U 
.... 
Q) 
.£; 
.... 
c 
"., 
VI 
0,1 13 
0.05 
o 
.c 
no 
o 0 o 0 Jan. Harch Hay July Sept. Nov. Jan. 
0.08 
0.06 
0.04 
0.02 
. 
.r: o 
'" 
'5 
N 
o 0.07 ~ 
0.05 
0.03 
0.01 
o 
Jan. tlarch tlay Jul Y Sept. lIov. Jan. 
Figure 7.3. Concentrations (x + 1 SE; n ~ 3-6) of total organic 
carbon (TOCi open bars) and photosynthetic pigment (closed bars) on 
stones collected from four South Westland streams at bimonthly 
Intervals In 1985-86. Stones collected in January 1985 were taken 
from the stream bed whereas others were kept in stone trays (see 
Plate 7.1.). *. analysis failed. 
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Figure 7.4. Community respiration (open bars) and gross primary 
production (closed bars) values (i + 1 SE; n • 6) for epilithon 
colonising stones kept iri trays in four South Westland streams in 
1985-86. Incubation temperatures are given between upper and lower 
histograms for each pair of simultaneous Incubations (Hidden and 
Toilet or Steep and Suspect). Stream temperatures at the time of 
collection are given as spot temperatures In Table 4.6. 
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Pheophytin a is a breakdown product of chlorophyll a and thus the 
proportion of chlorophyll in total pigment (chlorophyll + pheophytin) 
extracts indicates the proportion of healthy algal cells present. On average, 
chlorophyll a comprised 72, 6S, 62 and 59 % of total pigment on stones 
from Hidden Creek, Toilet Stream, Steep Creek and Suspect Stream, 
respectively, suggesting that a greater proportion (-10 %) of algae in 
periphyton at the clearwater sites was growing actively. 
7.3.4. Respiration and Primary Production 
Experimellial procedure 
Amounts of oxygen consumed or produced by epilithon were very low 
« 0.2 }ll.cm-2.h- l ) and concentrations in respirometers often approached the 
detection limit of the oxygen meter (0.1 ppm). In addition, it was difficult 
to regulate respirometer temperature at the field base, and dark incubations 
usually were run in slightly colder conditions than light incubations. The 
greatest discrepancy in incubation temperatures was in September when 
respiration on stones from Steep Creek and Suspect Stream was measured at 
SoC (the same as ambient stream temperature; Table 4.6.), and primary 
production at 160 C. However, temperatures for equivalent light and dark 
incubations at the clearwater sites differed by only 20 C in September and 
all were within SoC. Because of the low sensitivity of the technique used 
and variations in incubation temperatures, rates of respiration and primary 
production by epilithon presented here must be treated with caution. 
Community respiration 
Amounts of oxygen consumed in the dark by epilithon (community 
respiration) at temperatures between 4 and 150 C ranged from < 0.01 to 0.19 
Ill.cm-2.h- 1 (Fig. 7.4.). Highest rates were recorded in March at the 
brownwater sites and lowest rates were for the clearwater streams in 
September. Respiration was similar on all dates after March at both 
brownwater sites (0.01-0.05 Ill.cm-2.h- 1). Seasonal changes in respiration rate 
couid be discerned in Hidden Creek and Toilet Stream, but it was not 
always possible to distinguish these from the effects of changing incubation 
temperatures. Respiration rates were always greater (1.2-1.S times) in Steep 
Creek than Suspect Stream whereas Hidden Creek rates exceeded those in 
Toilet Stream on four of the six dates. 
141 
Primary production 
The amount of oxygen produced in light incubations was added to 
that consumed during dark incubations to give an estimate of gross primary 
production (Fig. 7.4.). Rates were highest in March in Steep Creek (0.15 
jll.cm-2.h-1) and lowest in November at all sites (0.02-0.04 Ill.cm-2.h- l ). 
Estimates of gross primary production were higher in Hidden Creek than 
Toilet Stream in all months except September, whereas Steep Creek rates 
were always greater (up to 4 times) than those in Suspect Stream. No 
seasonal pattern in primary production was evident at any site (Fig. 7.4.). 
7.3.5. Epilithon Grazing by Deleatidium Larvae 
Organic carbon and photosynthetic pigment concentrations 
TOC and photosynthetic pigment concentrations on streambed stones 
collected concurrently with those used for grazing experiments are shown 10 
Table 7.2. Concentrations of both parameters were greater than any 
recorded between January 1985 and January 1986 (see Section 7.3.3.). 
Hidden Creek stones had higher pigment concentrations (> 0.79 )lg.cm-2) but 
less organic carbon (-80 J,tg.cm-2) than stones from Steep Creek « 0.43 and 
> 100 pg.cm-2, respectively). Pheophytin a was the dominant photosynthetic 
pigment on Steep Creek stones on both dates, and in November it comprised 
82 % of total pigment. In contrast, chlorophyll a was the more abundant 
pigment on Hidden Creek stones on both dates (75-85 % of total pigment). 
Table 7.2. Total organic carbon (TOC), chlorophyll a and 
pheophytin a concentrations (x ± 1 SE) on stones collected from 
Hidden Creek and Steep Creek in November 1986 and May 1987. 
Units are pg.cm- 2 j n '" 4-6 except for Hidden Creek in May when n 
'" 1. 
November May 
Hidden Steep Hidden Steep 
TOC 81.8 137.8 78.8 102.4 
±3.6 ±23.2 ±21.2 ±8.9 
Chlorophyll a 0.818 0.077 0.675 0.135 
±0.135 ±0.016 ±0.032 
Pheophytin a 0.270 0.346 0.123 0.157 
±0.056 ±0.098 ±0.034 
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Grazing rates 
Deleatidium larvae from Steep Creek and Hidden Creek were allowed 
to feed on stones from each site to determine the quantity and composition 
(organic and inorganic) of material grazed. Few larvae died during the 
experiments (l or 2 larvae in < 20 % of the tubs) and unfed larvae from 
both sites (May only) produced the same amount of faeces (mean -137 
mg.g-l.d- l ). Total dry weights of material removed from stones averaged 
between 146 and 2456 mg.g-l.d- l at 12-160 C, and most of this (61-93 %) was 
inorganic (Fig; 7.5.). Amounts of organic or inorganic material grazed from 
stones were similar in both trials (November and May) for each combination 
of larvae and stones even though epilithon biomass was greater in 
November. However, there was considerable within-replicate variation for 
some larva/stone combinations (range of CYs = 28-125 %), although this was 
less apparent in the second than the first trial (mean CYs = 58 and 76 %, 
respectively). 
Removal rates of organic and inorganic material for all combinations 
of stones and larvae followed the same rank order on both dates: Steep 
Creek stones and larvae > Steep Creek stones and Hidden Creek larvae > 
Hidden Creek stones and Steep Creek larvae > Hidden Creek stones and 
larvae (Fig. 7.5.). Significant differences in amounts grazed in different 
combinations were detected for organic and inorganic material on both dates 
(ANOY A, P < 0.05; loge (x) or square root (x) transformed). Total amounts 
(organic + inorganic) of epilithon grazed from Steep Creek stones by all 
larvae were 2.2 to 16.8 times higher than from Hidden Creek stones and 
contained proportionately more inorganics (87-93 %) than material grazed 
from the latter (61-83 %). 
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7.4. DISCUSSION 
The composition of epilithic algal communities was very different in 
the two types of streams with diatoms and blue-green algae common at the 
circumneutral clearwater sites and different species .of diatoms and 
filamentous algae predominating on stones in the acid brownwater streams. 
Low pH is believed to affect photosynthetic activity and mobility of 
blue-green algae, and to slow down the division rate of many diatoms 
(Patrick et al., 1968; Brock, 1973; Patrick, 1977; Tease & Coler, 1984). 
Nevertheless, some diatoms do live successfully at low pH and several 
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species of Eunotia and F/'agi/a/'ia are typical of acid waters in general 
(Patrick, 1977), and filamentous green algae such as Stigeoclollium are 
characteristic of waters with high metal concentrations (Stokes, 1983). These 
genera were characteristic colonists of stones at the South Westland 
brown water sites whereas Coccolleis, AcllIlallti1es and Gompi1ollema which 
were abundant in the clearwater streams are typical colonists of many 
alkaline, calcium-rich waters (Hynes, 1970; Patrick, 1977). 
In general, algal biomass was greater on stones at clearwater than 
brownwater sites with similar degrees of streambed shading. Artificial 
channel experiments at Steep Creek (see Appendix VI) suggested that low 
pH was not restricting algal biomass at the brownwater sites, and indicated 
that other factors such as reduced light intensity or low nutrient levels may 
have been limiting. Darkly-stained, humic waters are known to attenuate 
photosynthetically available radiation (Otto & Svensson, 1983; Towns, 1985; 
Bowling et al., 1986), but sampling reaches probably were not deep enough 
for this to affect biomass of algae. However, in short-term experiments, 
Winterbourn et al. (in press and unpublished) found that epilithic algal 
biomass was nitrogen limited in South Westland brownwater streams, whereas 
phosphorus was limiting in nearby clearwater streams. 
Although algal biomass tended to be higher in the clearwater streams, 
organic carbon concentrations were generally greater on stones at the 
brownwater sites. Consequently, organic carbon:chlorophyll ratios (for 
September and November 1985, January 1986) averaged 322 and 508 in 
Steep Creek and Suspect Stream, but were much lower in Hidden Creek 
(126) and Toilet Stream (199). Pheophytin concentrations indicated that 
biomass of dead algae was slightly higher (by about 10 %) in brownwater 
streams and would have made a small contribution to the higher 
carbon:chlorophyU ratios there. 
Another important source of organic carbon on stones at the 
brownwater sites is DOC which can be incorporated into epilithon by 
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abiotic processes (precipitation and adsorption) or by microbial uptake (Lush 
& Hynes, 1973; Lock & Hynes, 1976; Dahm, 1981; Rounick & Winterbourn, 
1983a). Most work in circumneutral stream water has implicated microbial 
uptake as the dominant mechanism, but Weber et al. (1983) observed large 
increases in the adsorption capacity of humic acid (an important component 
of DOC) as pH was lowered from 9.0 to 3.5. They concluded that more 
humic acid functional groups are in an uncharged state at low pH and 
hence become more adsorbable. Stones collected from brownwater streams in 
South Westland are typically stained brown, but this colouring disappears 
following chromic acid digestion indicating that the colouring material is 
organic. Dickson (1978) found that humic substances precipitated out of 
brown lake water at pH 4-5 after addition of aluminium, and the 
precipitation of DOC as metallo-organic complexes may explain the greater 
abundance of amorphous material seen on stones in Steep Creek and Suspect 
Stream as well as other brownwater sites in the region (A.K. Graesser, 
Zoology Dept., University of Canterbury; pers. comm.). Winterbourn et al. 
(1985) also observed a "rather structureless film or amorphous flocculent 
material" on stones buried in beds of acid streams in Ashdown Forest, 
southern England, and suggested that abiotic processes dominated DOC 
uptake on to stone surfaces at these sites. 
Given the different composition and structure of epilithon in 
brownwater and clearwater streams, it seemed likely that this would affect 
its grazability and nutritive value to invertebrates feeding on stone surfaces. 
In fact, the amounts of material grazed from Hidden Creek stones (146-574 
mg.g- 1.d- 1) were slightly higher than the algal biomass estimated to be 
removed by Deleatidium larvae from stones taken from three circumneutral 
clearwa ter streams in the Cass region, mid Canterbury, (26-129 mg.g- 1.d- l ) 
(Rounick & Winterbourn, 1983a). However, grazing rates on Steep Creek 
stones were an order of magnitude higher than this (1254-2456 mg.g-l.d- l ), 
although still much lower than those obtained by Winterbourn et al. (1985) 
for Baetis larvae kept with stones from an acid stream (pH 4.3) in Ashdown 
Forest (9000 mg.g-l.d- l ). Epilithic layers from that stream consisted 
predominantly of an adsorbed organic film with few cellular components, 
whereas in other Ashdown Forest streams where organic layers were 
dominated by diatoms and filamentous algae, grazing rates were lower. 
Similarly, grazing rates were higher for stones from the South Westland 
brownwater stream where algal biomass was lower, and grazed material 
contained proportionately more inorganic material than for stones from the 
clearwater stream. 
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Cummins & Klug (1979) suggested that fine-particle feeders can 
increase consumption rates to compensate for poor food quality. High 
removal rates of epilithon from Steep Creek stones by Deleatidium larvae 
may be in response to more inorganic material on stones and the apparently 
large proportion of non-cellular (adsorbed or precipitated) organic carbon 
which is almost certainly of low nutritive value. Thus, poor food quality 
could have been a factor limiting densities of fine-particle feeders such as 
Deleatidium in brown water streams in South Westland. Studies on annual 
growth rates and assimilation efficiencies are needed to better understand 
the effects of food quality on benthic invertebrates, but were outside the 
scope of the present study. 
CHAPTER 8 
PROCESSING OF KAMAHI LEAVES IN SOUTH 
WESTLAND STREAMS 
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8.1 INTRODUCTION 
Allochthonous organic matter represents a substantial proportion (as 
much as 99 %) of the energy input to forested, headwater streams (Fisher & 
Likens, 1973; Cummins, 1974). After initial leaching of soluble compounds, 
leaf breakdown is effected by abiotic fragmentation, microbial 
decomposition and invertebrate feeding (Kaushik & Hynes, 1971; Petersen & 
Cummins, 1974; Boting et al., 1975). Conditioning of leaves by bacteria and 
fungi has been shown to increase the nutritive value of allochthonous leaf 
litter to detritivores, and some workers have demonstrated selective feeding 
by invertebrates on suitably colonised leaf material (Anderson & Cummins, 
1979; SUberkropp et al., 1983; Arsuffi & Suberkropp, 1984). The recent 
acidification of many Northern Hemisphere surface waters by acid rain has 
focussed attention on the effects of low pH on leaf titter breakdown, and 
several studies have shown that it decomposes more slowly in acidic waters 
(e.g., Hildrew et al., 1984b; Allard & Moreau, 1986; Mulholland et al., 1987). 
Some workers have postulated that this can lead to extended temporal 
availability of autumnal leaf inputs for shredder populations in Northern 
Hemisphere acid streams (Otto & Svensson, 1983; Mackay & Kersey, 1985). 
To determine whether low pH has similar effects on the breakdown 
of kamahi (Weinmamlia racemosa: Cunoniaceae) leaf litter in naturally acid 
streams, I carried out leaf bag studies at two acid, brownwater sites 
(Suspect Stream and Steep Creek) and two circumneutral clearwater sites 
(Toilet Stream and Hidden Creek) in South Westland (see Fig. 2.3.). I 
compared weight losses, microbial activity, and invertebrate colonisation of 
leaves at the four sites and, in an expanded study, used leaf bags of 
different mesh sizes to investigate the relative contributions of microbial 
and invertebrate processing to leaf litter breakdown. In addition, I 
conducted feeding trials with larvae of a large-particle detritivore and 
kamahi leaves conditioned in brown water and clearwater streams. 
8.2. PRELIMINARY STUDY 
8.2.1. Methods 
Leaf bags 
Kamahi leaves were collected from a single tree near Okarito in 
January 1985 and returned to the laboratory where 15 g (± 0.005 g) of 
fresh leaf material were placed in each of fifty-three 1 mm mesh bags (15 
x 12 cm). All bags were heat-sealed and dried for seven days at 500 C. 
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Dry kamahi leaves are very brittle, and therefore the contents of only five 
leaf bags were reweighed to estimate the initial dry weight of leaves (fresh 
weight x 0.47). On 25-27 March 1985, twelve bags were immersed in each 
of Hidden Creek, Toilet Stream, Steep Creek and Suspect Stream in 
commercial grade onion sacks which were anchored with heavy rocks and 
secured by rope to adjacent trees. 
Bags were removed from the streams in sets of three on 9 May, 22 
August, 27 November 1985 and 28 January 1986 (i.e., after 42, 148, 244 and 
306 days incubation, respectively). All bags were frozen within three hours 
of collection except in August and September when one bag from each set 
was kept cool in stream water until microbial respiration rates could be 
measured (starting eight hours later). In the laboratory, frozen leaves were 
thawed, washed over a 0.25 mm mesh net to collect invertebrates, dried and 
weighed. Invertebrates were identified and counted under a binocular 
microscope. 
Microbial respiration 
Leaves used to measure microbial respiration were rinsed gently to 
remove invertebrates and 0.313-0.990 g (final dry weight) of leaf material 
was placed in glass respirometers (volume 110 ml, n = 5 per site) containing 
water (90 C) from the same stream in which the leaves had been held. 
Experimental and blank respirometers containing water only were sealed 
with rubber bungs, ensuring that no air was trapped inside, and incubated 
in the dark at 90 C for 9-11 hours. After incubation, oxygen consumption 
was measured with a YSI Model 54 meter and adjusted for respirometer 
volume. Leaves were frozen and later dried and weighed so that oxygen 
consumed could be expressed per gram of leaf dry weight. 
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Scanning electron microscopy 
Leaves removed from the four streams after 148 days were examined 
by scanning electron microscopy (SEM) to enable a qualitative assessment of 
microbial colonisation and leaf surface breakdown to be made. Sections (-1 
cm2) of leaf were excised immediately after removal from bags and placed 
in 3 % gluteraldehyde in phosphate buffer. Later, they were rinsed twice 
in phosphate buffer, dehydrated in an alcohol series (Rounick & 
Winterbourn, 1983a), air-dried and mounted on SEM stubs with double-sided 
cellotape. After coating with 50 nm of carbon/gold palladium, leaf surfaces 
were viewed with a Cambridge Stereoscan MK II SEM at magnifications up 
to 5000 times. 
8.2.2. Results 
Leaf breakdown 
By the end of the experiment (306 days), leaves in both clearwater 
streams had become severely fragmented and only the skeletal framework of 
many remained. Evidence of invertebrate feeding on leaf margins was seen 
after 148 days (August) in Hidden Creek and, to a lesser degree, in Toilet 
Stream. In contrast, very little evidence of feeding or skeletonisation of 
leaves incubated in the brownwater streams was apparent and only slight 
fragmentation had occurred after 306 days. 
Weight losses assessed on day 42 were similar at all sites (24.6-31.7 % 
dry weight), but subsequently, leaf breakdown followed the sequence Hidden 
Creek> Toilet Stream> Steep Creek> Suspect Stream (Fig. 8.1.). By the 
end of the experiment, only 25 % of initial leaf biomass remained in bags 
from Hidden Creek compared with 60 % in bags from Suspect Stream. 
Statistically significant differences (ANOY A, P < 0.05; loge (x) transformed) 
in dry weights of leaf material remaining were found between Hidden 
Creek and all other sites on days 148 and 244, and between pairs of 
clearwater and brownwater streams on day 306. 
Decay coefficients (-k) for leaves were calculated using the exponential 
decay model of Petersen & Cummins (1974) which is expressed by the 
formula: 10ge(%R/IOO)/t, where R is the amount of leaf material remaining 
after t days in the stream. Petersen & Cummins (1974) calculated -k using 
a least squares fit of the data assuming an asymptote of zero, but this 
procedure may not be appropriate if rapid initial weight loss is followed by 
a slow decline in leaf biomass, as in Steep Creek and Suspect Stream. 
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Figure 8.1. Percent InitIal dry weight of leaves remaining (I ± 
1 S£, n .. 3) In 1 mm mesh bags held In IlIdden Creek (0), Toilet 
Stream (.), Steep Creek (0) and Suspect Stream (.) between March 
1985 and February 1986. Error bars are not shown If accomodated 
within the symbol. 
Table 8.1. Decay coefficients (-k) and half-lIves (t50) of 
leaves held In I mm mesh bags In four South Westland streams In 
1985-86. Decay coeffIcients and half-lIves were calculated from 
the least squares fit of data IncludIng (no parentheses) and 
excluding (parentheses) day O. 
-k l50 (days) 
IlIdden 'Creek 0.0039 176 
(0.0043) (163 ) 
Totlet Stream 0.0034 203 
(0.0035) (198) 
Sleep Creek 0.0026 270 (0.0022) (321 ) 
Suspect Stream 0.0022 321 
(0.0014) (480) 
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Therefore, I calculated -k values and half-lives of leaves with and without 
day 0 included in the data set (Table 8.1.). The -k values for leaves from 
clearwater streams were 1.3-1.8 times greater than for leaves from 
brownwater streams and the differences between the. two sets were even 
greater (1.6-3.1 times) when day 0 was excluded from the calculations. 
Thus, the calculated half-life of leaves from Suspect Stream was 159 days 
longer when day 0 was excluded (Table 8.1.). 
Microbial respiration and electron microscopy 
Oxygen uptake by microbial communities on leaves removed from the 
streams in August and November 1985 ranged from 24.8 to 73.4 pl.g-l.h- 1 
and was higher at all sites in November (Fig. 8.2.). No significant 
differences (ANOY A, P > 0.05; loge (x) transformed) in respiration rates 
were detected between sites at this time, but in August rates were 
significantly higher for Hidden Creek and lower for Steep Creek than for 
any other site (Duncan's New Multiple Range test, P < 0.05). 
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SEM examination of leaf surfaces after 148 days incubation (August) 
showed that fungi were the main microbial colonists of leaves at the 
brownwater sites whereas bacteria tended to be more common at the 
clearwater sites (Plate 8.1.). However, fungi were not always associated with 
leaf surfaces and often were interwoven with amorphous material which 
tended to accumulate on leaves at the brownwater sites (Plate S.IC.). 
Surfaces of leaves from the clearwater streams were comparatively free of 
amorphous material, and upper tissue layers had been removed in places 
(Plate 8.1 A.). 
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Plate 8.1. Scanning electron micrographs of kamahi leaf surfaces 
after 148 days (March-August 1985) in 1 mm mesh bags in Hidden 
Creek (A), Toilet Stream (B) and Steep Creek (C and D). Fungi 
were the dominant microbial colonists on leaves at the brown water 
sites (e.g., Steep Creek) but these often were associated with 
amorphous material on the leaf surface (C). In contrast, leaves 
from the clearwater sites (Hidden Creek and Toilet Stream) were 
relatively clean and upper tissue layers had been removed in 
places (A). Bacteria appeared to be the most common microbes on 
lea ves a t these sites (B). 
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Colonisation by invertebrates 
Thirty invertebrate taxa were taken from bags kept at the four sites 
(Table 8.2.). Most (20) occurred in bags held in Toilet Stream and least (8) 
were found in Suspect Stream. Chironomids were common at all sites, and 
in the brownwater streams they accounted for about 90 % of the total bag 
fauna. In contrast, the hydrobiid snail, Polamopyrglis antipodarum, was by 
far the most common colonist in Toilet Stream bags whereas the stonefly 
Austroper/a cyrene shared dominance with chironomids in Hidden Creek 
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bags. Larvae of A. cyrene and Olinga jeredayi, the commonest caddisfly in 
bags from Hidden Creek, are known to eat decomposing leaves (Winterbourn, 
1982), whereas rriplectides sp., the most abundant trichopteran in Toilet 
Stream bags is an obligate shredder of leaves and wood. Gut content 
analysis showed that Oeconeslis sp., which was found in small numbers in 
bags in Toilet Stream, also can consume coarse particulate organic matter. 
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Table 8.2. Percentage composition of the invertebrate faunas 
colonising 1 mm mesh leaf bags removed from four streams 
and November 1985 and January 1986 (all bags combined). 
in August 
Clearwater Brownwater 
JIi (lden Toilet steep Suspect 
ANNELIDA 
OLIGOCHAETA 10.7 5.0 0.9 4.3 
MOLLUSCA 
GASTROPODA 
Po/nmopyrglls nI,/ipodnrllm 0 50.6 0 0 
ARTHROPODA 
ARACHNIDA 
ACARINA 1.1 0.3 0.4 0.5 
CRUSTACEA 
AMPHIPODA 0 0.9 0 1.1 
OSTRACODA 1.1 0.3 0.4 0.5 
INSECTA 
EPH EMEROPT"RA 
Delentidi,ml spp. 3.4 6.3 1.3 0 
Mnll;,IIl1s ',m,n 0.4 0.3 0 0 
Amclc/opsis pcrsc;t'ls 0 0 0.2 0 
PLECOPTERA 
Allslropcrln eyrellc 30.3 1.3 0.6 0 
Cri.unpcrln f;mbrin 1.1 0 0 0 
Spm,;oceren 100,gicnlldn 1.9 7.5 0 0 
S/clloperln mncle((nI,i 3.4 0.9 0 0 
Zclnl,dobills COli/lIS liS 0 0 0.8 0 
TRICHOPTERA 
Olillga /credayi 8.0 0.6 0 0 
OCCOI,e.HU sp. 0 0.6 0 0 
PI,ilorl,citlrrlls ngilis 3.1 1.3 0 0 
Triplee/ides sp. 0 5.7 0 0 
Rakillra ~'erllale 0 0 0.2 0 
Zelolc.~.~icn cI,cirn . 0 0 0.2 0 
lIydrobio.'i.~ sp. 0.4 0 0 0 
Psiloclroremn sp. 0 0 0 0.5 
Hydrobiosidae indet. 0.8 0 0 0 
Polyplec/roplu sp. 0 0 0.4 0 
DlPTERA 
Chironomidae 33.0 15.1 92.1 88.8 
Empididae 1.1 0.3 0 0.5 
Eriopterinl 0 0.3 0 0 
Cerntopogonidae 0 2.2 2.4 3.7 
Parnli,m,ophiln skllsei 0 0.3 0 0 
Muscidae 0 0 0.2 0 
Total numbers 261 318 533 188 
* Two subgroups ('i"ii and myzobranchia) were assumed to be present at the clearwater sites, but only the lfllii subgroup was at 
the brownwater sites (see Section 6.3.1.). 
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8.3. BRIDGING SECTION 
Most of the initial rapid loss in leaf weight (-28 %) observed on day 
42 in all streams is assumed to be attributable to leaching of soluble 
compounds in the first few days of the experiment (Kaushik & Hynes, 1971; 
McCammon, 1980). Because leaf-shredding invertebrates were absent from 
bags in Suspect Stream and constituted only a minor proportion (0.6 %) of 
the fauna in bags in Steep Creek, post-leaching weight losses at these sites 
can be attributed primarily to microbial decomposition. However, 
large-particle detritivores made up about 38 and 8 % of the numbers of 
animals in bags from Hidden Creek and Toilet Stream, respectively, 
indicating that post-leaching weight losses at these sites were the result of 
microbial breakdown and invertebrate feeding. 
A problem with the use of 1 mm mesh bags in the present study was 
that they did not allow all invertebrates free access to and from enclosed 
leaves. Small insect larvae were able to enter the bags freely, but it seemed 
that some grew to such a size that they were prevented from leaving, and 
presumably had no choice but to feed on the leaves. This may have 
contributed to some of the between-bag variability in leaf weight losses 
shown in Figure 8.1., although the effect of this on leaf breakdown may 
have been counterbalanced to some extent by the exclusion of large 
detritivores from bags. 
Several workers have used oxygen uptake as an indicator of 
decomposition rate (e.g., Petersen & Cummins, 1974; Rounick & Winter bourn, 
1983b; Allard & Moreau, 1986). However, my preliminary study suggests 
that this need not always be valid since some microbes (e.g., the fungi 
shown in Plate 8.IC.) appeared to use leaf surfaces primarily as a physical 
substratum and had little or no involvement in leaf breakdown. Thus, 
oxygen uptake rates of leaves at the brownwater sites almost certainly 
overestimated decomposer activity. 
To investigate the relative importance of microbes and invertebrates in 
kamahi leaf breakdown, I decided to conduct an expanded study in Hidden 
Creek and Steep Creek using leaf bags of three mesh sizes: 
1) 0.2 mm to exclude macroinvertebrates; 
2) mm to enable comparisons with the preliminary study; 
3) 7 mm to allow free passage for all invertebrates. 
In addition, I used 7 mm mesh bags filled with plastic strips to 
distinguish between invertebrates feeding on leaves and those using bags 
primarily for shelter and/or other sources of food (e.g., fine particulate 
matter). Because the pool of potential leaf bag colonists was likely to 
change during the course of the experiment, I used the sampling protocol 
adopted by Collier & Winterbourn (1986) whereby bags introduced into 
streams at different times were removed on the same date. Laboratory 
trials were conducted with larvae of the stonefly Austroper/a cyrene to 
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assess ingestion rates and palatability of leaves conditioned in Hidden Creek 
and Toilet Stream. 
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8.4. EXPANDED STUDY, 
8.4.1. Methods 
Leaf bags 
Kamahi leaves were collected from several adjacent trees in North 
Westland in April 1986 and returned to the laboratory where fresh leaves (5 
or 10 g ± 0.005 g) or plastic strips were placed in "bags" of three mesh 
sizes: 
I) 10 g in 7 mm mesh bags (15 x 14 cm); 
2) 10 g in mm mesh bags (15 x 12 cm); 
3) 5 g in PVC tubes (10 cm long; 4 cm diameter) covered at both ends 
with 0.2 mm mesh; 
4) 10 black polythene strips (3 x 12 cm) in 7 mm mesh bags (IS x 14 cm). 
All bags were sealed and those containing leaves were dried for seven 
days at 50oC. Dried leaves from five bags were reweighed to estimate their 
initial dry weight (fresh weight x 0.40). Sets of three or four bags were 
placed in commercial grade onion sacks in Hidden Creek and Steep Creek 
on 13 May, 26 August and 12 November 1986. 
Three other 0.2 and 7 mm mesh bags containing leaves were not 
placed in the streams but otherwise were treated identically, and were 
reweighed at the end of the experiment to determine if any leaf biomass 
losses could be attributed to storage or transport. Mean weight losses were 
0.9 % (7 mm mesh) and 0.3 % (0.2 mm mesh) of initial dry weight, 
indicating that storage and transport losses had negligible effects on final 
leaf weight. 
Bags were removed from both streams on 5-7 January 1987 (i.e., 
incubation times of 54, 133 and 238 days) and placed in separate plastic 
bags. Three bags from each set were frozen within three hours of 
collection and the others were kept cool (SoC) in stream water prior to use 
in respiration and feeding experiments (see following methods sections). In 
the laboratory, frozen leaves were thawed, washed over a 0.15 mm mesh net 
to remove fine debris and invertebrates, dried and weighed. Invertebrates 
colon ising 0.2 mm and 7 mm mesh bags were identified and counted. 
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Microbial respiration and scanning electron microscopy 
Oxygen consumption rates of leaves kept in 0.2 mm mesh bags were 
measured using the method described in Section 8.2.1. Leaves which had 
been in the streams for 54, 133 and 238 days were incubated in water from 
the same stream for 7-9 hours at temperatures ranging from 13 to 200 C 
(depending on ambient air temperatures). Then a second incubation was 
carried out in water from the alternate stream (brownwater or clearwater) 
to determine if microbial respiration rates were affected by the water 
chemistry. 
Sections of leaves held in streams in 0.2 and 7 mm mesh bags for l33 
and 238 days and non-incubated leaves were prepared for scanning electron 
microscopy and examined as described in Section 8.2.1. 
Leaf consumptio1/ trials 
Larvae of the large-particle detritivore, A. cyrelle, were collected from 
Hidden Creek in January 1987 and returned to the field base. Unstarved 
larvae (body length 10-20 mm) were placed in plastic tubs (volume 250 ml) 
containing Hidden Creek water and leaves (ad libatum) which had been 
incubated in 0.2 mm mesh bags in Hidden Creek or Steep Creek for 238 
days (9 larvae per tub; 3 tubs per treatment). Controls containing larvae 
and plastic mesh instead of leaves were run concurrently to determine the 
amount of faeces produced without feeding. 
Larvae were left in the dark for three days (temperature range 
13-21°C) after which they were removed, preserved in 10 % formalin and 
later dried and weighed. Faecal material produced during the experiment 
was filtered on to ashed, pre-weighed GF IC glass fibre filters with a 
Millipore apparatus. Filters were dried, weighed, ashed overnight at 5000 C 
and reweighed to estimate amounts (total and inorganic) of material present. 
The weight of organic material was obtained by difference. Blank filters 
subjected to all the above procedures were used to make any adjustments 
that were necessary as a result of changes in filter weight. 
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Food choice experiment 
Some of the A. cyrene larvae collected in January 1987 were starved 
for about 60 hours and used in a food choice experiment conducted in the 
dark at 180 C. Nine larvae (body length -10 mm long) were placed in the 
centre of tubs (250 mt; n = 3) filled with Hidden Creek water and offered 
three sections (4 x 2 cm) of leaf: 
1) dried and leached in distilled water for 5 days; 
2) incubated in 0.2 mm mesh bags in Hidden Creek for 238 days; 
3) incubated in 0.2 mm mesh bags in Steep Creek for 238 days. 
Positions of larvae (i.e., "choices") were recorded hourly for three 
hours. 
8.4.2. Results 
Leaf weight loss 
Leaves lost an average of 28 % (range 22.0-36.3 %; all bags combined) 
of initial dry weight in the first 54 days of the experiment, but subsequent 
weight losses varied widely between sites and in bags of different mesh 
sizes (Fig. 8.3.). In Steep Creek, very little additional leaf weight loss was 
recorded in any bags during the experiment and 61-71 % of initial leaf 
biomass remained after 238 days. In contrast, only one 7 mm mesh bag 
held in Hidden Creek had any leaf material left after 238 days whereas an 
average of 56 % (range 33-72 %) of initial leaf biomass remained in 0.2 mm 
mesh bags (Fig. 8.3.). By the end of the experiment, leaves kept in 0.2 mm 
mesh bags in Hidden Creek were dark brown and soft, but in Steep Creek 
they were still tough and yellow-green in colour, indicating that 
comparatively little microbial breakdown had occurred at the latter site. 
Decay coefficients (-k) and half -lives were calculated as described in 
Section 8.2.2. They confirmed that leaves broke down in the sequence 7 
mm > 1 mm > 0.2 mm and that breakdown was much faster in Hidden 
Creek (Table 8.3.). Thus, half -lives of leaves (excluding day 0 from the 
calculation) in 7 mm mesh bags were 309 days shorter in Hidden Creek 
than Steep Creek. As noted in the preliminary study, exclusion of day 0 
data had a marked effect on calculated breakdown rates of leaves 
particularly in Steep Creek where half-lives of leaves in 0.2 mm mesh bags 
differed by 446 days (Table 8.3.). However, in Hidden Creek the effect 
was not as pronounced, and in 7 mm mesh bags, half-lives actually 
decreased if day 0 was excluded. Decay coefficients calculated from data 
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Figure 8.3. Percent initial dry weight of leaves remaining (I ± 
. 1 SE, n e 3) in 7 mm (A), I mm (0) and 0.2 mm (C) mesh bags kept 
In Hidden Creek (0) and steep Creek (D) between May 1986 and 
January 1987. Error bars are not shown if accomodated within the 
symbol. 
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for 1 mm mesh bags (including day 0) were identical to those recorded in 
Hidden Creek and Steep Creek in the preliminary study (see Table 8.1.). 
Table 8.3. Decay coefficients (-k) and half-lives (tSQ) of 
leaves held in 0.2, I and 7 mm mesh bags at two sites 1n 1986-87. 
Decay coefficients and half-lives were calculated from the least 
squares fit of data including (no parentheses) and excluding 
(parentheses) day O. 
Hidden Creek 
0.2 
7 
steep Creek 
0.2 
7 
Microbial res pitation 
-k 
0.0030 
(0.0023) 
0.0039 
(0.0037) 
0.0058 
(0.0068) 
0.0023 
(0.0009) 
0.0026 
(0.0019) 
0.0029 
(0.0017) 
t50 (days) 
232 
(297) 
176 
( 187) 
119 
(102) 
302 
(748) 
264 
(367) 
236 
(411 ) 
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Oxygen uptake rates recorded for leaves in January 1987 ranged from 
60.6 to 128.5 pl.g-l.h- l (Fig. 8.4.) and generally were higher than those 
measured in the preliminary study (see Section 8.2.2.). For leaves from 
Steep Creek, rates measured in Steep Creek water increased with the time 
leaves had been in the stream, but for leaves from Hidden Creek, microbial 
respiration rate was lowest after 238 days, in Hidden Creek water (Fig. 8.4.). 
Because incubation temperatures varied, direct comparisons between 
oxygen uptake rates of the same leaves incubated in different waters 
(brown or clear) could be made for both sites only on day 54, for Steep 
Creek leaves on day 133 and for Hidden Creek leaves on day 238 (Fig. 8.4.). 
The only significant difference (Mann Whitney U-test, P < 0.05) in oxygen 
consumption recorded was on day 54 when rates on leaves from Steep Creek 
were lower in circumneutral, clear water than in acid, brown water. 
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Figure 8.4. Respiration rates (x + 1 SE, n = 5) of microbial 
communities associated with leaves removed from Hidden Creek 
(open bars) and Steep Creek (closed bars) after 54, 133 and 238 
days in 1986-87. A, assays in water from the stream where leaves 
were conditioned. B, assays in water from the alternate stream. 
Incubations were conducted at 18 ± 20 C except for two samples (*) 
where the temperature was 130C. 
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Electron microscopy 
'Scanning electron microscopy of non-incubated leaf surfaces showed 
that before introd~ction to the streams, leaves had an intact epidermis 
which was generally free of foreign material although colonised by some 
terrestrial fungi (Plate 8.2A.). Few bacteria were seen in high power 
examinations of their surfaces. In contrast, leaves kept in 7 mm mesh bags 
in Hidden Creek had lost a substantial proportion of the epidermis by day 
133 (Plate 8.2B.). After 238 days in 0.2 mm mesh bags, most of the 
epidermis had gone completely (Plate 8.20.) so that internal tissues were 
exposed to microbial colonisation (Plate 8.2E.). Areas of intact epidermis 
were colonised mostly by bacteria and narrow filamentous organisms, 
possibly Actinomycetes (Plates 8.2e. & F.). 
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Surfaces of leaves from Hidden Creek generally seemed to be free of 
debris, but in Steep Creek most leaves were covered by a loose matrix of 
amorphous material (Plate 8.3A. & B.) interwoven with fungal hyphae and 
containing high densities of spores of the aquatic hyphomycete Casaresia 
sphagllorum (Plate 8.4A. & B.) (R.A. Aimer, Biological Sciences Department, 
University of Waikato; pers. comm.). Beneath this outer matrix, very high 
densities of other fungal hyphae (most were probably a Pythium species; 
Plate 8.40.) ramified over the leaf surface (Plates 8.30. & E.) and formed a 
diserete layer which often became detached during washing. ,Few bacteria 
were seen on leaves from Steep Creek and, despite dense colonisation by 
fungi, very little breakdown of the epidermis was evident on either date 
that leaf surfaces were viewed with the SEM (Plate 8.3C. & F.). 
Composition of bag faunas 
Chirononmid larvae comprised 75 and 97 % (24-122 larvae in three 
"bags") of the fauna found in 0.2 mm mesh bags from Hidden Creek and 
Steep Creek, respectively (Table 8.4.). Few other taxa entered the 0.2 mm 
mesh bags, although some ,nematodes, ostracods and larvae of Spall;ocerca 
longicauda (Plecoptera) were present in those from Hidden Creek. 
Twenty-two invertebrate taxa were taken from 7 mm mesh bags held 
in Hidden Creek and 17 were found in Steep Creek bags (Table 8.5.). 
Numbers of taxa colonising bags containing leaves or plastic strips were 
almost identical at each site (21 and 19 in Hidden Creek, and IS and 14 in 
Steep Creek) although relative abundances of taxa differed. Faunas of 7 
mm mesh bags in Hidden Creek were dominated by chironomids, nematodes 
and harpacticoid copepods but only the last-named taxon was represented 
better in leaf bags than in bags containing plastic strips. Numbers of A. 
Plate 8.2. Scanning electron micrographs of kamahi leaf surfaces 
after 0-238 days immersion in Hidden Creek (removed January 
1987). Before introduction to the streams, leaf surfaces were 
generally free of debris and outer tissues layers were intact 
(A). After 133 days in 7 mm mesh bags in Hidden Creek, much of 
the epidermis had been lost (B) and leaf surfaces were colonised 
by bacteria and fine filamentous organisms, possibly 
Actinomycetes (C). After 238 days, most of the epidermis of 
leaves in 0.2 mm mesh bags had disappeared (D) exposing internal 
tissues to microbial colonisation (E). Bacteria were the main 
colonisers of intact epidermis (F). 
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B 
c D 
F 
Plate 8.3. Scanning electron micrographs of kamahi leaf surfaces 
after 54-238 days immersion in Steep Creek (removed in January 
(987). Leaves kept in 7 mm mesh bags in Steep Creek for 133 days 
were covered by amorphous material which was interwoven with 
fungal hyphae (A & B). No breakdown of the leaf surface was 
evident at this time (C). Surfaces of leaves kept in 0.2 mm mesh 
bags held in Steep Creek for 238 days were covered by high 
densities of fungal hyphae (D & E), but despite this, no signs of 
leaf breakdown were visible (F). 
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B 
c D 
E Ii' 
c 
J3 
Plate 8.4. Fungi associated with surfaces of kama hi leaves held 
in leaf bags in Steep Creek. Spores of Casaresia sphagnorum (A & 
B) were abundant and appeared to be associated with a matrix of 
amorphous material attached to the leaf surface. Beneath this 
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outer matrix was a layer of hyphae (predominantly ?Pythium sp.) 
which often became detached when leaves were washed (C). D shows 
sporangia (arrow) typical of pythiaceous fungi (R.A. Aimer, pers. 
comm.). 
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Table 8.4. Total numbers (3 bags combined) of invertebrates found In 0.2 
mm mesh bags filled with kamahi leaves and held in Hidden Creek or 
steep Creek for 54, 133 and 238 days (removed in January 1987). 
Bidden steep 
54 133 238 54 133 238 
NEMATODA 4 15 3 0 0 0 
ANNELIDA 
OLIGOCHAET A 2 0 3 0 0 
ARTHROPODA 
ARACHNIDA 
ACARINA 0 2 0 0 0 3 
CRUSTACEA 
COPEPODA 
HARPACTICOIDA 0 0 0 0 0 
OSTRACODA 7 0 15 0 0 0 
INSECTA 
EPHEMEROPTERA 
Delea/idi/lnl spp. 0 0 0 0 0 
PLECOPTERA 
S pal/iocerca 0 4 4 0 0 0 
IOllgicauda 
TRICHOPTERA 
Philorhei/hrus 0 0 0 0 0 
agilis 
D1PTERA 
Chironomidac 24 122 53 61 76 67 
Ccratopogonidac 0 0 0 0 2 
Empididac 2 2 2 0 0 0 
T3bh 9.5. Tohl numhers or Invertehrales round In 7 mm mesh bags rllied wllh 
kamahl leaves (no parentheses) or plastic strIps (pnenth!!ses) and held In "Idd!!n 
Cre!!k or steep Creek ror 54, 133 and 239 days. Tolal numhers are ror thne hays 
tomblned except ror "Idden Creek on day 2JB (no parcnlheses) When only one bay 
had any lear material remaIning. The tolal f.. column expresses abundance as a 
percent3ge or total numbers for all dates combIned. 
NEMATODA 
ANNELIDA 
OLIGOCUAETA 
ARTIIRrODA 
A R ACIINIIJA 
ACARINA 
CRUSTACEA 
IIIdden 
~~J-zjii--rotan 
70 (II) 
10 (I) 
6 
(0) 
IZS 25 17.1 (25) (105) (22.4) 
5 7 I. 7 (4) (11) (3.5) 
IB 3 2.1 
(5) (3) (1.3) 
COPErODA 
IIARrACTlCOIIJA 219 
(20) 
2B2 2 39. t (14) (16) (17.5) 
OSTRACODA 
INSECTA 
ErIlEMEROrTE~A 
Dtltll/iJi',"' spp. 
MIIII/III'Il IlIn," 
NtJIIltltlt/IIJ sp. 
A ",tlt/",.~IJ 
ptrUllllJ 
rLECOPTERA 
AII.I/r",.ulll 
c,'rt"t 
Crl."llptrlll 
II lfI"r III 
S """/,,ctrrll 
'''''111('"11''" 
S"",,'octreoiJu 
r."wlr "I 
SI,,,,,,,,rlll 
/tIlle/, II" "I 
Zt"I",,"ohlrll 
eonfuJII! 
TR lellOrTER A 
Illllclllrn ~tr,,"1t 
Otc""tJ'/J SI!. 
""II,,rlrtlllmlJ 
1I/111/! 
0/;"//11 
Itrr"".I,I 
Trlpltellclts 'I!. 
Ztl"Irulell 
rl,tlrll 
""I""ltelr""IIJ 
.p. 
lIydroblo.ldnc 
Indcl. 
34 
(B) 
B 
(3) 
3 
(I) 
I 
(I) 
o 
(0) 
16 
(6) 
o 
(0) 
I 
(0) 
o 
(0) 
2 
(3) 
o 
(0) 
3Z 
(12) 
II 
(4) 
I (0) 
o 
(0) 
o (0) 
IJ 
(3) 
9 
(0) 
2 
(0) 
o 
(0) 
o 
(I) 
o 
(0) 
o 0 
(0) (0) 
I 0 
(0) (I) 
2 7 
(I) (2) 
5 5 
(I) (0) 
o· 0 
(0) (0) 
o 0 
(0) (0) 
o 0 
(0) (0) 
o B 
(0) (I) 
MEGA LtrlOrER LA 
Arrhlch""I/"t/tJ 
t/I~trJIlJ , 
o 
(0) 
o 
(0) 
COLEOPTERA 
""t/otno sp. 
"'PlERA 
ehlronomldoc 
Cernlopogonldne 
Empldldoe 
r.yehodldne 
lIeutomlnl 
o 
(0) 
71 
(24) 
o 
(0) 
31 
(3) 
o 
(0) 
o 
(0) 
o 
(0) 
169 
(132) 
I 
(0) 
25 
(9) 
I 
(0) 
o 
(I) 
6 
(10) 
3 
(3) 
o 
(0) 
o 
(0) 
o 
(0) 
5.6 
(4.9) 
1.7 
(1.6 ) 
0.3 
(0.2) 
0.1 (0.2) 
0.0 
(0.0) 
9 3.0 
(6) (2.4) 
o 0.6 
(I) (0.2) 
o 0.2 
(0) (0.0) 
o 0.0 
(0) (0.0) 
o 0.2 
(7) (1.7) 
o 0.0 
(0) (0.0) 
o 0.0 
(0) (0.0) 
o 0.1 
(0) (0.2) 
2 0.9 
(2) (0.9) 
o 0.9 
(0) (0.2) 
o 0.0 (0) (0.0) 
o 0.0 
(0) (0.0) 
o 0.0 (0) (0.0) 
I 0.7 
(0) (0.2) 
o 
(0) 
o 
(0) 
27 
( 100) 
o 
(0) 
1 
(4) 
o 
(0) 
o 
(0) 
0.0 
(0.0) 
0.0 
(0.0) 
21.2 
(40.6) 
0.1 
(0.0) 
4.4 
(2.4) 
0.1 
(0.0) 
0.0 
(0.2) 
Sleep 
S~--'j~j8Tolin; 
o 
(0) 
34 
(0) 
3 ( I ) 
o 
(0) 
7 
(0) 
o 
( I ) 
o 
(0) 
o 
(0) 
I 
(I) 
o 
(0) 
o 
(0) 
o 
(0) 
o 
(0) 
o 
(0) 
3 
(0) 
3 
(0) 
o 
(0) 
o 
(0) 
o 
(0) 
3 
(0) 
I 
(0) 
o 
(0) 
o 
(0) 
o 
(I) 
o 
(0) 
269 
(77 ) 
9 
(0) 
3 
(0) 
o 
(0) 
o ( I ) 
o 
(0) 
3 
(I) 
5 
(0) 
o 
(0) 
o 
(0) 
o 
(0) 
o 
(0) 
o 
(0) 
o 
(0) 
o (0) 
o ' 
(0) 
o 
(0) 
o 
(0) 
o 
(0) 
I (0) 
o (Z) 
o 
(0) 
o 
(0) 
o 
(0) 
o 
(0) 
0' 
(0) 
o 
(0) 
o 
(0) 
I 
(0) 
o 
(0) 
454 
(40) 
10 
(0) 
o 
(0) 
o 
(0) 
o 
(0) 
o 
(0) 
14 
(I) 
13 
(12) 
o 
(0) 
0.0 (0.0) 
3.9 
(0.6) 
1.6 
(3.9) 
0.0 
(0.0) 
I 
(5) 
0.6 
(I. 5) 
3 
(I) 
o 
(0) 
o 
(0) 
2 
(3) 
0.2 
(0.6) 
0.0 
(0.0) 
0.0 
(0.0) 
0.2 
(I. 2) 
o 0.0 
(0) (0.0) 
o 0.0 
(0) (0.0) 
o 0.0 
(0) (0.0) 
o 0.0 
(I) (0.1) 
o 0.0 (0) (0.0) 
I 0.4 
(I) (0.3) 
2 0.4 
(I) (0.9) 
o 0.0 (0) (0.0) 
o 0.0 
(0) (0.0) 
o 0.0 
(0) (0.0) 
3 0.4 (0) (0.0) 
o 0.1 
(0) (0.0) 
I 0.1 
(7) (2.1) 
o 0.0 (0) (0.0) 
o 0.1 
(0) (0.3) 
4, 0.3 
(0) (0.0) 
479 99.4 
(169) (85.1) 
9 2.l 
(7) (2.1) 
3 0.4 
(3) (0.9) 
o 0.0 
(0) (0.0) 
o 0.0 
(0) (0.3) 
• 11010 subgroups ("'Ylobra"c"'~ and ,,,,") were HSllmed to be present In 
"Idden Creek, but only the """ suh9rollp was In steep Creek (see Section 
6.3.1.). 
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cyrene and O. feredayi larvae, both of which are known to eat leaves (see 
Section 8.2.2.), were usually much greater (up to 4.3 and 5.0 times, 
respectively) in bags containing leaves, and comprised relatively more of the 
total fauna than in bags with plastic strips. 
In Steep Creek, faunas in all 7 mm mesh bags were dominated by 
chironomids which accounted for 85 to 89 % of total invertebrate numbers 
(Table 8.5.). Oligochaetes and mites were the only other taxa to represent 
more than 3 % of the bag fauna at this site. Some larvae of a Triplectides 
species, an obligate shredder, were found in two sets of 7 mm mesh leaf 
bags in Steep Creek, but were not recorded in bags containing plastic strips. 
Invertebrate colonisation patterns 
Mean numbers of invertebrates colonising 7 mm mesh leaf bags were 
always considerably higher (2.4-9.9 times) than numbers in bags containing 
plastic strips except in Hidden Creek when two of the leaf bags that had 
been jmmersed for 238 days were empty (Fig. 8.5.). In Steep Creek, mean 
numbers of invertebrates .per leaf bag ranged from 112 to 178 and increased 
with time in the stream. In contrast, densities in Hidden Creek were 
highest on day 133 when an average of 236 animals were found in 7 mm 
mesh leaf bags. Invertebrate densities expressed per unit leaf weight (Fig. 
8.5.) showed the same temporal patterns as those expressed as numbers per 
bag. 
Food choice and illgestion rates of A. cyrene larvae 
When offered a choice of conditioned leaves from Hidden Creek and 
Steep Creek and unconditioned (dried and leached) leaves, starved A. cyrelle 
larvae clearly preferred to colonise leaves from Hidden Creek (Table 8.6.). 
Evidence of feeding was visible on leaf margins and was confirmed by the 
fact that unstarved larvae produced 2.4-3.5 times more faecal material when 
kept with leaves than plastic mesh (Table 8.7.). Interestingly, egestion rates 
(and by inference ingestion rates) of larvae were 1.5 times higher when 
feeding on Steep Creek leaves which were visibly tougher than Hidden 
Creek leaves. Only a minor proportion of the faeces in any treatment was 
composed of inorganic material (Table 8.7.). 
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Figure B.S. Numbers of invertebrates (i + 1 SE; n • 3) 
colonising 7 mm mesh bags held in Hidden Creek (open bars) and 
steep Creek (closed bars) for 54, 133 and 238 days. A, numbers 
per bag. B, numbers per gram dry weight of leaf material 
remaining. L, bags containing leaves; 5, bags containing plastic 
strips (stippled bars), 
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Table 8.6. Numbers of A. cyrene larvae (x ± 1 SE, n c 3) on kamahi 
leaves preconditioned in Hidden Creek or Steep Creek for 238 days or 
on unconditioned (dried and leached) leaves at hourly intervals in a 
food choice experiment. 
Hours 
2 3 
Hidden Creek 8.7 8.0 8.7 
±0.3 ±0.6 ±0.3 
steep Creek 0.3 0.7 0.3 
±0.3 ±0.3 ±0.3 
Unconditioned 0 0.3 0 
±O ±0.3 ±O 
Table 8.7. Dry weight (x ± 1 SE, n a 3) and percent inorganic 
content of faeces produced by unfed A. cyrene larvae and by larvae 
fed leaves conditioned in Hidden Creek or Steep Creek for 238 days. 
Dry weight of faecal. % Inorganics 
material (g.g- dW.d- ) 
Unfed 0.044 ± 0.002 2.6 
Hidden Creek 0.104 ± 0.019 0.9 
steep Creek 0.154 ± 0.017 3.3 
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8.5. DISCUSSION 
Leaf breakdown rates 
Breakdown rates of leaves in most bags at the four South Westland 
sites fell into the "slow" (-k < 0.0050) category of Petersen & Cummins 
(1974), but those kept in 7 mm mesh bags in Hidden Creek broke down at 
"medium" rates (0.0050 < -k < 0.0100). Indeed, -k values for kamahi leaves 
in all bags at the brownwater sites are amongst the slowest recorded for 
any tree leaves (Webster & Benfield, 1986). Half -lives of leaves kept in 0.2 
and 1 mm mesh bags in Hidden Creek were similar to the half-lives of 231 
and 155 days (0.2 and 1 mm mesh bags, respectively) estimated from weight 
losses of mountain beech leaves (Notho/agus solandri var. cli/fortioides) kept 
in Middle Bush Stream, Cass (pH 6.7-7.1), although at that site half-lives in 
coarse mesh (3 mm) bags were only about half those found in 7 mm mesh 
bags in Hidden Creek (Da·vis & Winterbourn, 1977; Rounick & Winterbourn, 
1983b). 
Stream topography, temperature, discharge and aspects of water 
chemistry are known to affect leaf processing rates, either directly by 
physical breakdown or indirectly by influencing microbial activity and 
invertebrate feeding (Kaushik & Hynes, 1971; Petersen & Cummins, 1974; 
Boling et al., 1975). In the preliminary study, leaf weight losses were 
considerably faster at the two clearwater sites than in the brownwater 
streams, and this pattern was confirmed subsequently in Hidden Creek and 
Steep Creek using bags with different mesh sizes. Discharge magnitude and 
variability were greater at the brownwater sites (see Tables 4.4. and 4.7.), 
and it is possible that leaf weight losses due to physical abrasion were 
higher in those streams. However, this seems unlikely to be important as 
the leaves were enclosed in bags. Because water temperature regimes were 
almost identical at three of the sites, this could not have had an over-riding 
effect on leaf processing rates. 
Slow processing of allochthonous leaf litter in acid streams has been 
documented by many workers and most agree that a primary reason for this 
is low microbial activity at low pH (e.g., Mackay & Kersey, 1985; Allard & 
Moreau, 1986; Mulholland et al., 1987). Breakdown rates of leaves kept in 
0.2 and 7 mm mesh bags in Steep Creek were very similar, indicating that 
invertebrate feeding had negligible effects on leaf processing at that site. 
In contrast, the -k value for leaves held in 7 mm mesh bags was almost 
twice that for 0.2 mm mesh bags in Hidden Creek where feeding activities 
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of invertebrates (particularly A. cyrene and O. /eredayi) apparently played a 
major role in leaf weight losses. Decay coefficients and half-lives of leaves 
in 0.2 mm mesh bags were higher in Hidden Creek than Steep Creek 
(particularly if day 0 was excluded from the calculations), suggesting that 
microbial decomposition of leaf litter was slower at the acid, brownwater 
site. However, some Spaniocerca longicauda larvae were found in fine mesh 
bags in Hidden Creek and weight losses of leaves in a given bag appeared 
to be related to the number of larvae trapped inside. Although nominally a 
fine-particle feeder, Davis & Winter bourn (1977) reported that a closely 
related species, S. zelandica, will ingest decomposing leaf tissue, so some of 
the leaf weight losses in fine mesh bags in Hidden Creek may be 
attributable to feeding by S. IOllgicallda. Regardless of this, visual 
examination of leaves removed from 0.2 mm mesh bags indicated that 
microbial decomposition was much more advanced in Hidden Creek than 
Steep Creek by day 238. 
Microbial conditioning 
Aquatic fungi and bacteria can decompose allochthonous leaf litter 
through the macerating action of microbial enzymes which degrade 
epidermal and parenchymal cells, eventually leaving only lignified leaf 
skeleton (Suberkropp & Klug, 1981; Barlocher, 1985). In general, fungal 
activity appears to be highest during the initial stages of decomposition, but 
as internal leaf surface area available for colonisation increases through 
microbial degradation and invertebrate feeding, it is thought that bacteria 
become more important (Kaushik & Hynes, 1971; Suberkropp & Klug, 1976, 
1981). At the South Westland sites, no evidence of a fungal-bacterial 
succession was evident on kamahi leaves; bacteria were the most abundant 
microbial colon.ists at the eircumneutrat clearwater sites and fungi 
predominated on leaves at the acid brownwater sites. Several other workers 
have also noted high fungal biomass on organic matter in acidified waters 
(Hendrey et al., 1976; van Frankenhuyzen & Geen, 1986), but Chamier 
(1987) reported significantly more aquatic hyphomycetes and bacteria on 
leaves from circumneutral (pH 6.6-6.8) than acid (pH < 5.5) streams in the 
English Lake District. 
Respiration rates of leaf microflora measured on leaves from the South 
Westland sites (24.8-128.5 111.g-l.h- l ) are at the lower end of the range of 
those reported by Rounick & Winterbourn (1983b) for mountain beech leaves 
from Middle Bush Stream, Cass (70-210 Jll.g-l.h- l ). As mentioned in Section 
8.3., such measurements on leaves from the brownwater sites probably 
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overestimated decomposer activity, because some fungi were associated with 
detrital accumulations on leaf surfaces and apparently were not involved 
directly in leaf breakdown. Biirlocher & Kendrick (1974) suggested that some 
aquatic fungi use leaves only as a substratum from which they may obtain 
nutrition from other leaf colonists, or more likely, from the surrounding 
media. The relatively high respiration rates on leaves from Hidden Creek 
on the first two immersion dates in 1986-87, and their subsequent decline, 
may reflect initial microbial breakdown of easily degradable leaf tissues 
(Le., non-structural carbohydrates and protein) followed by slower 
decomposition of more refractory substances such as cellulose and lignin 
(Boling et al., 1975; Allard & Moreau, 1986). The increase in oxygen uptake 
with time immersed in Steep Creek probably reflected progressive accrual of 
the fungal-detrital matrix on leaf surfaces. 
Allard & Moreau (1986) found that oxygen consumption by leaves 
incubated in acidified (pH 4.0) water was significantly lower than by leaves 
kept in pH 6.2-7.0 water after about 70 days, but this phenomenon was not 
observed for leaves incubated at the South Westland sites. Some workers 
have suggested that, in recently-acidified waters, low pH can inhibit 
activity of leaf microfloras through aluminium toxicity or by affecting 
microbial physiology (Mulholland et aI., 1987; Palumbo et al., 1987a), 
whereas Chamier (1987) proposed that acidification may disrupt microbial 
enzyme systems involved in leaf degradation. These mechanisms would not 
be expected in the South Westland brownwater streams where naturally high 
acidity has developed over a long period of time and microbes colonising 
leaves are those suited to the ambient water chemistry. Suberkropp & Klug 
(1981) suggested that humic acids may complex with organic leaf 
constituents (e.g., proteins) during decomposition and render them 
unavailable for microbial utilisation. If so, this process could account for 
at least some of the low microbial processing of leaves in acid brownwater 
streams where ambient DOC (and by implication humic acid) concentrations 
are high, and where leaf microbes may obtain a large proportion of their 
nutrition by direct uptake from the surrounding medium. 
Colonisation and feeding by invertebrates 
Numbers of invertebrates colonising 7 mm mesh leaf bags were 
generally higher in Hidden Creek than Steep Creek, and reflected the 
greater abundance of the benthos (see Chapter 6). However, not all 
invertebrates colonising bags would have fed directly on leaf tissue; some 
(e.g., hapacticoid copepods and nematodes) probably consumed microbes 
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growing on leaves. Others like Deieatidium spp. and some chironomids 
presumably ingested fine particulate matter trapped in bags, whereas 
hydrobiosid caddisfly larvae would have preyed on other bag colonists. Few 
large-particle detritivores colonised leaf bags at the acid, brownwater sites, 
but larvae of A. cyrene and O. feredayi which are known to eat leaves, 
were common in leaf bags at the clearwater sites and in Hidden Creek their 
feeding activities appeared to have a marked effect on leaf, processing rates. 
Many leaf -eating invertebrates are believed to prefer material with 
high microbial biomass since this can contain 2-4 times as much nutrient 
per unit weight as the average leaf (Kaushik & Hynes, 1971; Boling et ai., 
1975; Bariocher, 1985), In general, fungi are considered to be more 
nutritious foods than bacteria and several studies have shown that 
detritivores selectively feed on leaves colonised by different species of fungi 
(Suberkropp et ai., 1983; Arsuffi & Suberkropp, 1984; Bariocher, 1985). In 
the present study, larvae of A. cyrelle preferred to colonise leaves from 
Hidden Creek rather than leaves from Steep Creek or unconditioned leaf 
material, suggesting that. Hidden Creek leaves were the most palatable. This 
need not reflect their nutritional value, however, and both assimilation 
efficiency and growth rate of the North American caddis Clistoronia 
magnifica were enhanced when larvae were fed leaves that had been 
conditioned at pH 4 rather than pH 6 (van Frankenhuyzen et ai., 1985; van 
Frankenhuyzen & Geen, 1986). 
Lower palatability of leaves from Steep Creek could have been caused 
by release of antigustatory compounds (e.g., secondary metabolites) by fungi 
(see Arsuffi & Suberkropp, 1984), or more likely by lower nutritive value of 
the leaf tissue. At the brown water sites, microbial conditioning of leaves 
appeared to be minimal and large surface accumulations of amorphous 
detritus would have been .ingested with the leaf. Some workers have found 
that relatively high concentrations of metals such as aluminium accumulate 
on leaves in acid waters (Mulholland et ai., 1987; Palumbo et ai., 1987a), 
and although not investigated in the present study, precipitation or 
adsorption of metallo-organic complexes onto leaf surfaces could have 
augmented detrital accumulations on leaves at the brownwater sites, and 
contributed to their low palatability. 
Finally, Anderson & Cummins (1979) suggested that some large-particle 
detritivores can compensate for poor food quality by increasing their 
ingestion rates. This phenomenon was observed in laboratory trials in 
which leaves from Steep Creek were ingested by A. cyrene larvae 1.5 times 
faster than leaves conditioned for an equivalent time in Hidden Creek. In 
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the field, the problem of leaf litter quality is likely to be real as the 
characteristic riparian vegetation of many brownwater streams is kamahi, 
manuka, rimu and tree fern (see Section 2.3.), all of which have tough, 
heavily-lignified leaves. In contrast, akeake, tutu, pate and wineberry were 
common alongside the clearwater streams and all have soft leaves which are 
likely to be more easily digested by detritivorous stream invertebrates. In 
South Westland, the retreat of glaciers has resulted in a succession of 
vegetation from podocarp-broadleaf forest on the lowlands to soft-leaved 
shrubs in glacial valleys. The presence of soft leaf tissue which is rapidly 
conditioned will be to the advantage of large-particle detritivores colonising 
streams where retention capacity is poor and litter inputs occur year round 
(e.g., Toilet Stream), and it can be expected to provide a highly stable and 
nutritious food source in streams where retention is good (e.g., Hidden 
Creek). Thus, the much higher densities of A. cyrene and perhaps O. 
/ereday; larvae at the clearwater sites compared with the brownwater 
streams may well be attributable to the availability of a higher quality food 
source. 
CHAPTER 9 
SYNTHESIS 
The primary aims of this study were twofold. First, I wanted to 
determine the effects (if any) of naturally low pH on benthic community 
dynamics in brownwater streams and compare these with changes observed 
in Northern Hemisphere clearwater streams acidified by atmospheric 
deposition. Acid rain is not a problem in New Zealand (Holden & 
Clarkson, 1986), and the acidity of brown waters is brought about mainly 
by high concentrations of dissolved organic acids of terrestrial origin. In 
Westland, South Island, brownwater streams with pH as low as 4 are 
common and these typically flow from wetland areas known locally as 
"pakihi". Because about half of recent pine forest plantings in Westland 
ha ve been on pakihis (N.Z. Forest Service, 1984), my second aim was to 
assess the effects of forestry development on water chemistry (particularly 
DOC dynamics) and benthic invertebrate distributions in brown water 
streams. 
Effects of pH on benthic communities 
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In contrast to many Northern Hemisphere clearwater streams where 
acidification has become apparent only in the last few decades, the high 
acidity of brown water streams in Westland is not a recent phenomenon. 
Although both types of stream typically have pHs in the range 4 to 5 and 
high concentrations of total dissolved aluminium (generally UP to about 1000 
mg.m-3), a fundamental difference between them is the amount of 
aluminium present in the' toxic labile (inorganic) monomeric form. In 
brownwater streams, most aluminium is complexed with organic matter and 
in this form it is essentially non-toxic. Concentrations of labile monomeric 
aluminium in eight streams with pH as low as 4.1 did not exceed 80 
mg.m-3, much lower than the 600 mg.m-3 measured in some Northern 
Hemisphere streams with similar pH (Seip et al., 1984; Bull & Hall, 1986). 
Labile monomeric aluminium concentrations greater than 100-200 mg.m-3 are 
considered lethal to many fish species (Baker & Schofield, 1982; Mason & 
Seip, 1985), but few toxicity data are available for other animals. In 
laboratory trials, Clark & LaZerte (1985) found that as little as 10 mg.m-3 
of inorganic monomeric aluminium at pH < 4.4 reduced hatching success of 
the -American toad, Bufo americanus, but preliminary work on invertebrates 
suggests that at least some can tolerate higher concentrations. Indeed, Havas 
and Likens (1985) found that aluminium (mostly as hydroxide complexes) 
did not become toxic to some species of Crustacea and chironomids until 
concentrations approached or exceeded 1000 mg.m- 3. 
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Invertebrate communities in acidified Northern Hemisphere streams 
typically have different taxonomic composition, fewer species and lower 
densities than nearby sites with circumneutral pH (Hall et al., 1980; 
Townsend et al., 1983; Mackay & Kersey, 1985; Simpson et al., 1985). 
Mayflies are generally absent or poorly-represented in such streams and 
benthic communities dominated by stoneflies have been reported by some 
workers (e.g., Sutcliffe & Carrick, 1973). The causes of these changes are 
thought to include disruption of ionic regulation and calcium metabolism by 
hydrogen ions, mobilisation into the water column of high concentrations of 
toxic metals such as labile monomeric aluminium, and pH-related changes in 
the quality or quantity of food available (Haines, 1981). The relative 
importance of these mechanisms has not been resolved satisfactorily and 
although some workers have emphasised disruption of physiological 
mechanisms (e.g., Hall et al., 1980; Allard & Moreau, 1987; Ormerod et al., 
1987), others have stressed the importance of changing food resources (e.g., 
Sutcliffe & Carrick, 1973; Otto & Svensson, 1983). 
In acid brownwater streams draining undisturbed catchments in 
Westland, invertebrate communities are not taxonomically distinguishable 
from those in nearby circumneutral clearwater sites and most invertebrate 
taxa occur over a wide pH range with a lower limit of about 4.5. Fish are 
also common in these brown water streams and six of 14 endemic freshwater 
species (in three families) known to occur in South Westland were recorded 
by Main et al. (1985) at pH < 4.8. Ball (1987) showed that the two species 
of New Zealand freshwater crayfish (Paranephrops zealandicus and P. 
planijrolls) are physiologically better adapted to deal with the effects of 
low pH than most species of crayfish studied in the Northern Hemisphere. 
His work also revealed some intraspecific variability in acid tolerance 
whereby populations from very acidic habitats coped better physiologically 
with acid exposure than populations of the same species from less acidic 
waters. Thus, it is likely that many aquatic animals in Westland streams 
have broad habitat requirements that suit the wide range of physicochemical 
conditions encountered. In contrast, acidification of poorly-buffered 
Northern Hemisphere waters has been too rapid to allow sensitive species 
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such as some fish, crustaceans and mayflies to adapt (Havas et al., 1984), 
and marked deleterious effects on aquatic invertebrates have been reported 
at a pH as high as 6.0 (Haines, 1981; Dillon et al., 1984). 
Although the taxonomic composition of benthic invertebrate 
assemblages is not affected by low pH (above about 4.5), their densities 
were found to be much lower in acid brown water streams. A major factor 
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contributing to this appeared to be the presence of poorer Quality food at 
brownwater sites, and food Quality and Quantity along with low streambed 
stability were implicated in limiting annual biomass and production of 
Deleatidium populations in three South Westland streams. Studies of leaf 
litter processing rates and epilithon composition and structure in brown water 
and clearwater streams showed that the nature of food resources available 
in these habitats differed considerably. 
In acid brown water streams, a large proportion of stone surface carbon 
was composed of abiotically adsorbed or precipitated DOC (i.e., non-cellular 
organic carbon), some of which was probably in the form of metallo-organic 
complexes, whereas epilithic carbon at nearby clearwater sites was primarily 
of algal origin. Although densities of fungi were sometimes high on leaves 
incubated in brown water streams, they appeared to play an insignificant 
role in leaf breakdown and fungi were often associated with accumulations 
of amorphous material which adhered loosely to the surfaces of leaves. 
Slow microbial decomposition and the paucity of large-particle detritivores 
resulted in very slow breakdown of leaves in brown water streams. In 
contrast, leaves in clearwater streams broke down much faster through the 
activities of microbes (mainly bacteria) and leaf -eating invertebrates 
(particularly the stonefly Austroperla cyrene) which were relatively 
abundant. In laboratory trials, leaves conditioned in a clearwater stream 
were ingested at much slower rates by A. cyrene larvae than leaves 
conditioned for the same length of time in a brownwater stream. Similarly, 
rates of grazing of epilithon by larvae of Deleatidium spp. (Ephemeroptera) 
were 2.2-16.8 times lower on stones taken from a circumneutral clearwater 
stream (pH 6.6-8.0) and material grazed contained proportionately less 
inorganics than grazed epilithon from an acid brownwater stream (pH 
4.3-5.7). The faster ingestion rates exhibited by invertebrates when kept 
with decomposing leaves or epilithon from brown water streams is interpreted 
as a response to their lower nutritive value and is in line with the 
predictions of Anderson & Cummins (1979) and Cummins & Klug (1979) 
that some benthic invertebrates attempt to compensate for low food Quality 
by increasing their ingestion ra tes. 
Overseas work has indicated that slow conditioning of allochthonous 
leaf litter and relatively high concentrations of abiotically adsorbed DOC 
may be typical of acid streams in general (e.g., Weber et al., 1983; Mackay 
& Kersey, 1985; Winterbourn et al., 1985; Allard & Moreau, 1986; 
Mulholland et al., 1987). Nevertheless, larvae of the North American caddis 
Clistoronia magnifica grew faster on leaves kept in the laboratory at pH 4 
180 
than on leaves conditioned at pH 6, apparently because of greater 
availability of microbial and leaf derived energy at the lower pH. More 
research is needed into the quality and quantity of food available in 
anthropogenically and naturally acidified streams to resolve the question of 
potential food limitation. 
Effects of catchment development on browmvater streams 
North Westland streams that drain catchments developed for forestry 
and have pH as high as 5.2 contained similar numbers of benthic 
invertebrate taxa as undeveloped yet very acidic (pH -4.1) sites draining 
directly from pakihi wetlands. However, they had only about half as many 
taxa as nearby streams that flowed through undisturbed catchments in 
native forest and had a pH > 4.5. Development per se did not change 
water pH or concentrations of toxic labile monomeric aluminium 
significantly, but did result in higher water temperature which was 
implicated as a potentially important factor contributing to low taxonomic 
richness where forest canopy had been lost. Although undeveloped pakihi 
streams with pH < 4.5 contained few invertebrate taxa, they did provide a 
favourable habitat for freshwater crayfish and the black eusirid amphipod, 
Paraleptamphopus cael'Llleus, which occurred there in large numbers but is 
uncommon in other environments. Congeneric taxa occur mainly in low and 
relatively constant temperature springbrooks, forest tributaries and 
subterranean waters (e.g., Chapman & Lewis, 1976; Winterbourn & Rounick, 
1985), and the presence of a stable, low temperature regime is probably 
important for the maintenance of P. caeruleus too. 
DOC export from three pakihi catchments in the Larry River 
Experimental Area near' Reef ton is amongst the highest recorded in the 
world (up to 37.75 g.m-2.y-I). Two years after crushing and burning of 
pakihi vegetation and of v-blading to improve drainage, DOC export had 
dropped by about 24 %, apparently through the removal or severe reduction 
of some sources of DOC (notably manuka forest) arid alteration of 
catchment drainage characteristics. Considerable amounts of DOC appeared 
to originate within undisturbed and v-blade mound soils of developed 
catchments, but the one third of catchment area covered by v-blade tracks 
provided few potential sources of DOC. In-stream sources of DOC in the 
more recently developed catchment were also scarce, but in a catchment 
developed five years previously, there was considerable growth of vegetation 
in the stream channel (mostly Sphagnum moss) and this is believed to have 
contributed about 13 % of the DOC exported from that site. Recovery of 
DOC dynamics to a pre-development (control) state was assisted by the 
retention of a buffer zone of manuka forest at the head of the catchment 
which contributed about 59 % of total vegetation inputs of DOC even 
though it comprised only 32 % of total catchment area. 
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The retention of strips of vegetation alongside the main drainage 
network is an effective way of keeping stream temperatures down and strips 
also serve as buffers against accelerated runoff and increased sedimentation. 
Jackson (1987) showed that in the year following v-blading of a Larry 
River catchment, sediment transport was an order of magnitude higher, and 
major floods three times more frequent than for an adjacent area of 
undeveloped pakihi. Future developers of pakihi catchments covered with 
manuka forest should also consider retaining an undisturbed portion of 
forest at the head of the catchment. This will help maintain natural DOC 
dynamics, conserve populations of crayfish and other animals (e.g., P. 
caeruleus) with specialised habitat requirements, and maintain a pool of 
invertebrate species that will be available for recolonisation following 
catchment development. 
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SPECTRAL PROPERTIES OF SOME WEST COAST WATERS AND THEIR 
RELATIONSHIP WITH DISSOLVED ORGANIC CARBON. 
K. J. COLLIER 
Department of Zoology. University of Canterbury 
Christchurch. New Zealand. • 
ABSTRACT 
Water samples were collected from 40 West Coast stre3m 3nd river sites and 
300lysed for dissolved org3nie carbon (DOC) 3nd 3bsorbance at 320nm. Extinction 
codricients (E430) and E4/E6 ratios were calculated for samples from 22 of these 
sites. DOC conccntration rangcd from 1.6-43.2g m- 3 and was relatcd linearlj, to 
absorbance at 320nm. The equation describing the relationship (DOd (g m- ) ~ 
34.98A Icm + 1.55) was comparable to equations found by other workers at similar 
wavelengths. A curvilinear relationship was found between DOC concentration and 
E4/E6 ratios (range 1.8-14.0) suggesting that proportionately more low molecular 
weight humic substanccs were present in brown waters than in elear waters. 
Extinction coefficients rangcd from 0.0005 to 0.0047 and were correlated 
signiricantly with E4/E6 ratios indicating that low molecular weight humic 
substances absorbed more light per unit organic carbon than humic materials of 
. higher apparcnt molecular weight. 
KEY WORDS: Dissolved organic carbon, absorbance, extinction coefficient, E4/E6 
ratio, aquatic humic substanccs 
INTRODUCTION 
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In most aquatic ecosystems dissolved organic carbon (DOC) is the dominant form 
of organic carbon in the water column. A major fraction of DOC (50-75%) is made up 
of humic substances which gcnerally arc characterised as yellow-coloured, organic 
compounds (humic, fulvic and hydrophilic acids) that arc refractory end products in 
thc degradation of plant and microbial organic matter (Thurman, 1985). Natural DOC 
concentrations in streams and rivers normally range from I-lOg m- 3. However, 
concentrations in wetlands can be much higher (average 30g m-3) because of the large 
net primary production of emergent plants and the presence of slow moving streams 
that leach vegetation and interstitial soil water (Thurman, 1985). 
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The colour of humic substances is caused by the presence of multiple bonds and 
unshared electron pairs in the molcculrtr structure (Antherton et al.. 1967; Orlov, 
1972). Water colour can be measured spectrophotometrically and many workers have 
used absorbance of water nt n specific wavelength ns 3n index of DOC concentrntion 
(e.g., Bnnoub, 1973; Lewis and Cnnfield, 1977; Grieve. 1985). Absorption 
chnracteristics of humic substances also can be expressed by extinction coefficients 
nnd ~o!our Q~otients (sensu Visser. 1984) such ns E4/E6 rntios. Extinction 
coefficients give a mensure of the degree of nbsorptivity per unit organic cnrbon 
Rnd m3Y be used to compare s3mples from different 10cRIities (ThurmRn, 1985). 
Colour Quotients are relnted to the steepness of the slope in :I spectrogrRm betwecn 
two predetermined wRvelengths and are usually indcpendent of DOC concentration. 
E4/E6 ratios nre believed to reflect particle size of the humic mRterial :lnd thus 
nrc indirect indic:ltors of molecular weight (Chen et RI., 1977). 
In a recent p3per (Collier, 1987) I assessed the utility of absorb3nce 3t 360nl11 
ns n measure of DOC concentmtion in 40 stre3ms and rivers on the west coast of 
South Island, New Zealand. The present study examines other spectral properties 
(extinction coefficients and E4/E6 ratios) of water samples from some of these sites 
and evaluates the use of absorbance as an index of DOC conccntration in the light of 
recent findings by other workers. 
METHODS 
SAMPLt COLLECTION: 
Water samples (250mL. n .. 47) were collected from 40 stream and river sites on the 
west C03st of South Island between February and May 1986. Sites 2,3, and 4 
(Appendix I) were the only streams sampled more than once. A brief description of 
the study area and map references of the sampling sites are given in Collier (1987). 
Samples were kept cool in the dark in polyethylene bollies until their return to the 
laboratory where they were filtered (0.45~m) and analysed, normally within one week 
of collection. 
DOC ANALYSES: 
Subsnmples of water (50 or 100 mL) were evnpornted to dryness and DOC 
concentration was determined by the micro dichromate oxidation procedure (Maciolek, 
1962; 0.05N K2Cr207. 0.03N FeS04.7H20) using heat by dilution (the heat generated on 
mixing sulphuric acid and the dichromate solution). DOC concentration was 
calculated according to the method of Maciolek (1962): 
(I) DOC (mg) .. (Aom x N x 8 
2.86 
where A .. mL of ferrous sulphnte used in blRnk titration 
B .. mL of ferrous sulphate used in sample titr3tion 
N .. normality of ferrous sulph3te 
8 .. equivalent weight for oxygen 
2.86 .. factor converting the weight of oxygen to org3nie 
carbon 
Normality of ferrous sulph3te was c31cul3ted by titration 3g3inst the pot3ssium 
dichrom3te solution: 
(2) N .. mL dichromate x normnlity of dichrom3te 
mL ferrous sulphate used in titration 
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The technique was enlibrnted by llshing beech (Nothofngus) detritus and tannic 
ncid (Mallinkcrodt nnnlytical rcagen't) overnight at 5000 C Dnd comparing ash free dry 
weight with the nmount of organic carbon extrnctcd by dichromate oxidation. Organic 
matter was Dssumed to be 50% carbon (MDciolek, 1962). 
SPECTROPHOTOMETRIC ANALYSES: 
Absorbance spectra (200-650nm) of 4 representative water samples (Sites 3,10,29, 
and 37) and absorbDnce at 320nm (nil samples) were measured using a Kontron Uvicon 
860 spectrophotometer (I cm Qunrtz cell). A bsorba nces of water Sll mples from 22 of 
the sites were measured nt 430, 460, and 660nm in a 10cm glass cell (Varian DMS 100 
spectrophotometer). Distilled water blanks were used when making 1111 IIbsorbance 
measurements. E4/E6 ratios were obtained from the quotient of absorbance Dt 460 and 
660nm and extinction coefficients were calculated by dividing absorbance at 430nl1l 
(per cm of cell path length) by the weight of organic carbon (g m- 3) in the sample. 
Gjessing (1974) proposed 430nm ns a standard wavelength for comparing watcr colour. 
However, wavelengths used by other workers for calculating extinction coefficients 
vary from 400nm (Thurman, 1985) to 540nm (Visser, 1984) , 
RESULTS 
DOC ANALYSES: 
(a) Oxidation efficiency 
Calibration of the hent by dilution dichromate oxidation procedure showed that 
it retrieved an average of 83% of the organic carbon in tannic acid and beech 
detritus (Table I). Maciolek (1962) recommended immersing the acid/ dichromate 
mixture in a boiling water bath for 3 hours to facilitate maximum oxidation of the 
organic carbon. This step was omitted in the present study to enable rapid anrtlysis 
of a large number of samples. DOC concentrations calculated from Equation I 
therefore needed to be multiplied by 1.20 to provide a more accurate estimate of 
total DOC (Table I). The equation used to calculate DOC can be simplified to: 
(3) DOC (mg) '" (A-B) x N x 3.36 
Lee etal. (1983) used heal by dilution dichromate o)(idation to measure the 
organic carbon content of some South Pacific soils. They compared carbon values 
obtained by this method with estimates obtained using a high frequency induction 
furnace and found that corrections equivrllent to those used in Equation 3 were 
necessary to gi ve accu ra te estima tes of orgn n ic Cll rbon con tent. 
(b) DOC concentrations in stream watcrs' 
DOC concentrations of water samples collected from the 40 sites rDnged from 1.6 
to 43.2g m- 3 Dnd were highest in streDms draining pDkahi (wetland) CDtchments in 
Larrys Creek Experimental Area (Sites 2-4), north of Reef ton (Appendi)( I). DOC 
concentrations Dt most sites (70%) were below 109 m- 3 and at 48% of the sites were 
less than 5g m- 3. 
SPECTROPHOTOMETRIC ANALYSES: 
Absorbance (A) Dt 320nm was related linearly to DOC concentration (r 2"'0.92). 
The relationship is expressed by the cQuation: 
(4) DOC (g m- 3) '" 34.98A I cm + 1.55 
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Spectra of the four representative water samples all showed an increase in 
absorbance with decreasing wavelength (Fig. I). The rate of increase was 
proportional to DOC concentration and was most pronounced in the ultra violet range 
of the spectrum (<360nm). Extinction coerricients at 430nm (E430) for the 22 
samples analyscd ranged from 0.0005 to 0.0041 tlOd 11% of the values were between 
0.002 and 0.004 (Appendix I). The lowest E430 and E4/E6 ratio were found in the 
water sample from Waiho River (Site 40) which drains Franz Josef glacier. 
A curvilinear relationship was found between DOC concentrations and E4/E6 ratios 
(Fif 2). All samples with ratios less than 1.0 had DOC concentrations below 5.2g 
m-. The highest ratios (13.5 nnd 14.0) were recorded in water samples from Sites 2 
and 3 (LI and L2, Appendix I). 
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Fig. I Absorbnnce spectra or water samples from 4 sites with dissolved organic 
cnrbon (DOC) concentrations ranging from 1.6 to 40.1g m- 3. 
DISCUSSION 
650 
Absorbnnce spectm for the four West Coast water samples resemble spectra 
obtained by Moore (1985) for peat water samples from northern Quebec, Canada. The 
undifferentiated nature or these spectra is the rcsult or a multitudc of overlapping 
cxeitation levels caused by very large numbers of chromophores in the humic molecule 
(Visser. 1984). 
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COLLIER - r-lEST COAST STREAMS 
TABLE 1 Percent organic carbon recovered from tannic acid and 
beech tletritus using heat by dilution dichromate oxidation. 
The right hand column gives factors by which organic carbon 
values obtained by the Maciolek (1962) calculation must be 
multiplied to correct for inefficiency in oxidation. AFDW ~ 
initial ash free dry weight of the compound oxidised. 
Compound AFDW % Mult i plication 
(mg) recovery factor 
Tannic acid 17.6 80.6 1. 24 
20.0 85.1 1.18 
19.0 84.2 1.19 
Beech detritus 28.7 86.2 1.16 
28.7 82.6 1. 21 
28.7 79.1 1.26 
± SD 83.0 ± 2.7 1. 20 ± 0.03 
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Fig. 2 Relationship between dissolved organic carbon (DOC) concentrations and E4/E6 
ratios of water samples collected from 22 streams and rivers on the west coast of 
South Isla nd. 
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Regression equations expressing relationships between DOC concentration and 
absorbance at 320 or 330nm in several studies including, this one arc given in Ta,ble 
2. Slopes of all equations are similar (34.98-45.49) but intercepts vary from 1.39 
to 1.46. The equation expressing the relationship between DOC concentration and 
absorbance at 360nm for Sites 1-40 is very similar to that given by Lewis & Canficld 
(1911) who measured absorba nee at 360nm in some Venezuela n and southeastern Un itcd 
Statcs waters (see Collicr, 1981). 
Chen et al. (1911) observed that water pH had a pronounced effect on E4/E6 
ratios which reached maxima betwccn pH 6 and 8. The pH of the West Coast water 
samples uscd to calculate E4/E6 ratios ranged from 4.1 to 1.8 (Appendix I). In this 
'pH range, Chen et al. (1911) showed that E4/E6 ratios changed by no more than 0.5 
units and, thus, watcr pH is unlikely to have affccted ratio estimatcs in the 
prescnt study. Using a temporally extensive data set (24 wcekly samples), Moorc (in 
press) recorded mean E4/E6 ratios of 1.3 for Sitcs 5-10 and 11.1 for Sites 2-4. 
These compare favourably to 1.4 and 12.2, respectively, calculated from spot samples 
taken in the present study. Several workers have shown that E4/E6 ratios arc 
related inversely to molecular weight of the humie material (Butler & Ladd 1969, 
Chen et al. 1911, Visser 1984). Thus, high ratios such as those recorded in samples 
from Sites 2 and 3 (13.5 and 14.0, respectively) infer enrichment by low molecular 
weight humic substances relative to samples with smaller ratios. Chen et al. (1911) 
record cd an E4/E6 ratio of 13.7 at pH 4 for a fulvic acid fraction with a molecular 
weight of 833, and all fractions with ratios less than 8 had molecular weights 
greater than 2109. Increasing DOC concentrations in the West Coast waters sampled 
appcarcd to be associa'ted with decreases in the apparcnt molecular weight of the 
humic material. 
TABLE 2 Details of dissolved organic carbon (OOC)/ absorbance 
relationships at 320 and 330nm from contrasting natural waters. 
A " absorbance in a Icm cell. 
Source Wavelength DOC r~nge r2 Equation (nm) (g m- ) (DOC (g m- 3),,) 
This study 320 1.6-43.2 0.92 34.98A + 1. 55 
Gorham & Oetenbeck l 320 16.7-B3~9 0.73 42.BA + 5.1 1986 
Moore 19852 330 1-51 0.84 45.05A + I.BO 
Moore in press3 330 2 -IB 0.92 45.49A + 1.39 
Moore in press4 330 18-55 0.88 38.B7A + 7.46 
1 North American bog water 2 Canadian peat water 3 Sites 5-10 of this study 4 Sites 2-4 of this study 
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Stewart & Wetzel (1981) noted that dissolved organic matter (DOM) of low 
molecular weight absorbed consistently more light than DOM of higher molecular 
weight. They suggested that this was a function of molecular geometry whereby 
strongly absorbing hydrophilic groups of high molecular weight humic substances are 
restricted spatially to central portions of the molecule where their absorbing 
charncteristies arc masked partially by more external, lower-absorbing hydrophilic 
groups. However, Visser (1984) did not detect a significant relationship between 
nbsorb:1nee per unit carbon (extinction coefficients) a,ld molecular weight of aquatic 
humic substances from lakes, rivers, streams and swamps. 
In the present study, extinction coefricients were related signiricantly to 
E4/E6 ratios (r e O.56, P<O.OI), indicoting thot obsorptivity was a function of the 
appnrent moleeul:1r weight distribution of aquatic humic substances. Waters with 
high DOC concentrations hnd highcr E4/E6 ratios and appeared to be dominnted by 
lower molecular weight humic materials than clear waters where E4/E6 ratios were 
smaller. 
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APPENDIX 1 pH, dissolved organic carbon (DOC) concentrations, 
extinction coefficients (E430) and E4/E6 ratios of water samples 
collected from 22 West Coast sites in February 1986. Grid 
references of sites are given in Collier (1987). -, unnamed 
streams. 
Site Name pH DOC E430 E4/[6 
no. (g m- 3) 
1 Bull er R. 6.2 2.3 0.0026 4.4 
2 Ll 4.1 43.2 0.0035 13.5 
3 L2 4.1 40.7 0.0042 14.0 
4 L3 4.3 22.9 0.0027 9.0 
5 Maimai 205 5.7 11.5 0.0033 7.4 
6 Maimai 207 6.1 10.4 0.0028 7.2 
7 Maimai 208 5.8 9.6 0.0024 7.5 
8 Maimai 209 6.0 7.0 0.0031 7.2 
9 Maimai 214 5.8 6.8 0.0018 8.6 
10 Maimai 215 5.8 5.1 0.0027 6.4 
11 Inangahua R. 6.6 4.1 0.0033 7.2 
22 Lankey Ck. 6.8 7.8 0.0030 7.2 
26 Inangahua R. 6.2 9.7 0.0031 8.8 
27 Rahu R. 6.4 3.6 0.0038 4.5 
28 Inangahua R. 5.5 11.6 0.0030 7.6 
29 Wee Ck. 7.5 1.6 0.0031 3.7 
30 Lewis R. 7.1 2.8 0.0027 4.9 
31 4.5 15.4 0.0047 9.0 
32 Clear Ck. 6.5 3.7 0.0033 6.0 
33 Hercules Ck. 5.1 8.1 0.0038 9.1 
39 4.7 6.6 0.0043 9.9 
40 Waiho R. 7.8 3.5 0.0005 1.8 
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Spectrophotometric determination of dissolved organic carbon 
in some South Island streams and rivers (Note) 
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Abstract Absorbance at 360 nm and dissolved 
organic carbon (DOC) concentration were meas-
ured on 47 filtered water samples collected from 
streams and rivers of the west coast of South Island, 
New Zealand. The regression equation 
(DOC (g m- 3) = 59.6 Abs, em + 1.9) calculated 
from the data, reliably predicted DOC concentra-
tion within the range 1.6-43.2 g m- 3• This rela-
tionship is similar to that found for some 
Venezuelan and south-eastern United States waters 
indicating that it may have widespread utility for 
estimating DOC concentrations in soft waters where 
DOC is dominated by humic substances. 
Keywords dissolved organic carbon; DOC; 
absorbance; 360 nm; spectrophotometry; stream 
water; river water 
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INTRODUCTION 
Most conventional methods for measuring dis-
solved organic carbon (DOC) concentrations in 
fresh waters either require specialised equipment 
or involve time-consuming chemical oxidation 
procedures. An alternative technique is to measure 
the absorbance of water at a specific wavelength 
and to equate this to established DOC/absorbance 
relationships (e.g., Mackereth 1963; Banoub 1973; 
Lewis & Canfield 1977; Grieve 1985). Lewis & 
Tyburczy (1974) investigated the validity of these 
relationships obtained at a number of wavelengths, 
and concluded that absorbance at 360 nm pro-
vided maximum sensitivity and minimum varia-
bility. This paper evaluates the relationship between 
DOC concentration and absorbance at 360 nm in 
water samples varying widely in colour from 
streams and rivers of the west coast of South Island, 
New Zealand. 
STUDY AREA 
The study encompassed 40 stream and river sites 
which drained predominantly forested catchments 
located between 41· 50' Sand 43· 30' S (Fig. I, 
Table I). Sites north of Grey mouth were mainly in 
southern beech (NotllOfagus) forest whereas most 
forests further south were mixed podocarp-hard-
wood commonly dominated by rimu (Dacrydium 
cupressinum) and kamahi (Weinmannia race-
mosa). Mixed podocarp forest occurs in the upper 
Grey Valley (Sites 5-10; Fig. I), whereas Site 3 was 
in regenerating manuka (Leptospermum scopar-
ium) forest, and some introduced conifers (Pinus 
spp.) were alongside Sites 2, 4, 9, and 31. Soils 
around sampling sites were predominantly yellow-
brown earths (usually podzolised) and gley pod-
zols, although recent organic soils were present 
alongside Site 38. 
No significant point sources of pollution were 
evident on any streams or rivers except at Sites 24 
and 25 which received coal mining emuent. Water 
at Sites 24 and 25 had very high conductivity (29.8 
and 47.7 mS m-' respectively) but no alkalinity, 
unlike the other sites where conductivity and alka-
linity were positively correlated (Winterbourn & 
Collier in press). At 90% of these sites alkalinity 
was between 0 and 25 g m- 3 CaC03 and conduc-
tivity ranged from 1.7 to 7.4 mS m-'. 
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Fig. I Sites from which water samples were collected 
on the west coast of South Ishmd, New Zealand. SH = 
State Highway. Names and exact locations of sites arc 
given in Table 1. 
METHODS 
Forty-seven water samples (250 ml) were collected 
in polyethylene bottles between February and May 
1986. One sample was taken from each site except 
at Sites 2, 3, and 4 which were sampled two or 
three times. Samples were kept cool until their 
return to the laboratory where they were filtered 
(0.45 11m membrane filter) and analysed, normally 
within one week of collection. Aliquots of water, 
50 or 100 ml, were used to determine DOC con-
centrations by the micro dichromate oxidation 
procedure described by Maciolek (1962) using heat 
by dilution. Results were calculated as oxygen con-
sumed (g m- 3) and converted to DOC using an 
oxygen equivalent of 2.86 (Maciolek 1962). The 
technique was calibrated by ashing detritus and 
tannic acid and a multiplication factor of 1.20 was 
found necessary to adjust for inefficiencies in oxi-
dation (Collier 1987). Absorbance of water at 
360 nm was measured in a I cm cell on a Kontron 
Uvicon 860 spectrophotometer using a distilted 
water blank. 
RESULTS AND DISCUSSION 
DOC concentrations of water samples ranged from 
1.6 to 43.2 g m- 3 and were related linearly to sam-
ple absorbance at 360 nm (Fig. 2). 'The regression 
TAble. Names and map references of sites from which 
water samples were taken. -, unnamed streams. 
Site Name Map ret (NZMS I) 
I Buller R. S31 200612 
2 LI S38 317383 
3 L2 S38317381 
4 L3 S38317311 
5 Maimai 205 S38 269328 
6 Maimai 201 S38 214325 
1 Maimai 208 S38 211324 
8 Maimai 209 S38219322 
9 Maimai 214 S38 282318 
10 Maimai 215 S38286316 
II Inangahua R. S38 323283 
12 Lankey Ck S38 368256 
13 Lankey Ck S38 364251 
14 Lankey Ck S38363250 
15 Ajax Ck S38363215 
16 Ajax Ck S38362280 
11 S38363261 
18 Murray Ck S38 362261 
19 S38360266 
20 S38 358261 
21 S38351266 
22 Lankey Ck S38363249 
23 Inangahua R. S38335280 
24 Wellman Ck S38401233 
25 Garvey Ck S38 405235 
26 Inangahua R. S46522013 
21 Rahu R. S46560038 
28 Inangahua R. S46552050 
29 Wee Ck S46812904 
30 Lewis R. S46811903 
31 S51522412 
32 Clear Ck S51 364336 
33 Hercules Ck S63011989 
34 Deep Ck S11 847898 
35 S11 860902 
36 S11 864902 
31 S11 885814 
38 Mapourika Ck S11 866831 
39 S11 863806 
40 Waiho R. S11 825616 
equation describing the relationship is: 
DOC (g m- 3) = 59.6Abs + 1.9 (r2 = 0.92). 
When differences in cell path length arc consid-
ered, this regression equation corresponds closely 
to that given by Lewis & Canfield (1977) (DOC 
(g m- 3) = 5.03Abs + 1.24) who used a 10 cm cell 
to measure absorbance at 360 nm in some Vene-
zuelan and south-eastern United States waters. 
Their equation was calculated originally using data 
from only nine sites (seven streams, one river, one 
impoundment) with comparatively low DOC con-
centrations (3.3-15.7 g m- 3) (see Lewis & Tybur-
czy 1974). Grieve (1985) used Lewis & Canfield's 
(1977) equation to estimate DOC concentrations in 
Note-Spectrophotometric DOC determination 
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Fig. 2 Relationship between dissolved organic carbon 
concentration and absorbance at 360 nm for 47 water 
samples from 40 sites. The equation for the fitted regres-
sion line is 59.6 Abs + 1.9, r! = 0.92. Broken lines rep-
resent 95% confidence limits. 
a small stream draining a grassy, rnoorland catch-
ment in Scotland and suggested that their equation 
may have widespread validity. My findings sup-
port this contention and indicate that the relation-
ship is linear up to at least 40 g m- l DOC. 
It generally is recognised that much of the colour 
in water comes from humic substances (mostly 
polymeric organic acids) leached from plant and 
soil organic matter (Thurman 1985). Stewart & 
Wetzel (1981) expressed concern that relationships 
between water colour and DOC may be affected by 
specific processes which alter the molecular weight 
distribution of dissolved organic matter (e.g., 
adsorption and precipitation of DOC with calcium, 
inputs of "new" leachate during periods of rain-
fall). Consequently, they proposed that DOC/ab-
sorbance relationships were likely to be valid only 
when applied to soft waters in which system-to-
system differences in the age and origin of dis-
solved organic maHer were minimised. In the pres-
ent study, samples were taken from forested sites 
most of which had relatively low alkalinity and 
conductivity, similar to the Venezuelan waters 
sampled by Lewis & Canfield (1977). The broad 
geographic scope of the present study and the con-
sistency of the findings with overseas work suggest 
that the DOC/absorbance equation established for 
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west coast streams and rivers may have general 
application in soft waters where DOC is dominated 
by humic substances. 
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Ecology of small streams on the west coast of the South Island, 
New Zealand 
M. J. WINTERBOURN, K. J. COLUER and A. K. GRAESSER 
With 4 figures and 2 tables in the text 
The west coast of the South Island is a high rainfall region bounded on the eut by the Southern 
Alps. Numerous short, steep slreams and rivers have their origins in the Alps and now across the 
narrow coastal plain to the Tasman Sea. In many of the rivers, channel velocities are high and sus-
pended sediment yields per annum are about ten times higher than world average rates for moun-
tain areas (GPJmTHS 1979). Precipitation occurs throughout the year but although common, 
storms are temporally unpredictable and monthly rainfall totals can vary, considerably from year to 
year (Fig. I). 
Brown water streams are also a characteristic feature of several parts of Westland. Many drai": 
pakihis, "a swampy acidic barren type of land" (HULME 1984) and the pH.of stream water can be u 
low as 4 due to very high concentrations of organic acids lea~hed from decomposing vegetation 
(COlI.IEIt & Wrnn:ItIlOUItN in press). 
Our recent studies have examined the effects of physical disturbance and acidification on ben-
thic community dynamics, and the interrelationships between pH, dissolved organic carbon 
(DOC) concentration and aluminium speciation in streams unaffected by acid precipitation. 
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IX. Running WateN 
Study sites and methods 
We made surveys of c1eu and brown water streams in Westland and more detailed studies at 
seven contr:l.5ting sites on small streams (channel widths 1-5 m) in the Okarito-Fran:r. Josef 
region (43 °20'S, 170 0 12'E). All streams were located in ule:l.5t partially forested (evergreen) 
catchments and had no apparent point sources of pollution or enrichment. 
Physico-chemical and benthic invertebrate sampling methods have been described by CoWEJI. & 
WINTfJtBOURN (in press) and WINTERBOURN & CoWEJI. (in press). Estimates of benthic detrital bio-
mass in 4 streams were obtained from bi.monthly sets of SURBEJI. samples (0.2 mm mesh; 5 samples 
per set). Epilithic communities which developed on tiles and stones held in 7 streams for approx· 
imately 2-monthly intervals were eumined with SEM. Their organic cubon (see COWEJI. 1988), 
and chlorophyll.a content were determined and community respiration (CR) and net community 
primary productivity (NCPP) were estimated by me:l.5uring changes in oxygen concentration in 
still strum water at temperatures close to ambient. The dfect of periodic exposure to air on tpi-
lithic algal biom:l.5s W:1.5 examined by measuring the chlorophyll concentration on tiles held in 
three-tiered tile holders in two streams. A preliminary study of nutrient limitation of epilithic algae 
was made using a modification of the substrate-diffusion method described by PRINGLE & BonJ.S 
(1984). Plankton netting (12.6 cm'; 30/lm mesh) stretched over the mouths of 66 ml jars containing 
agar-nutrient mixtures (N, P, N + P; concentrations as used by P~NGLE & BonRs) acted :1.5 diffu-
sion-growth surfaces and were removed for extraction of chlorophyll. 
Site numbers used to identify streams are those used by WINTUBOURN & COWEJI. (in press). 
Results and discussion 
In 45 west coast streams, pH ranged from 4.1 to 8.1, CaCO l alkalinity 0-49g' m- l , 
conductivity 2-97mS' m- I and DOC t.8-41g· m-'. Total reactive aluminium con-
tent of water ranged from 18 to 697 mg . m -, but the toxic, inorganic monomeric species 
determined on 6 occasions at 4 chemically contrasting sites was always < 50 mg . m -'. 
Stone surface organic layers in acid, brown water streams (pH < 5, DOC> 9 g . m -l) 
consisted of an amorphous film of adsorbed organic matter overlain and embedded with 
filamentous green algae (Triboncma), Fragilaria, Eunoti4 and Synedra. However, at clear 
water sites (pH >7, DOC <2g' m-') epilithon was mainly Cyanophyta, Achtl4nthes 
and Gomphonema (COLUER 1988). Algal biomass (as chlorophyll-a), epilithic CR and 
NCPP at the Okarito-Franz Josef sites (Fig. 2) were very low on a world scale (Loer; 
1981, DOTT et al. 1985) and differences between sites could not be related to measured 
physico-chemical parameters, stream size or degree of canopy closure. Within sites, 
seasonal trends were not evident but rather discharge patterns (periodicity and intensity 
1'4 CHLOROPHYLL a 1'0 NCPP 0 
0·8 CR • 
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Fig. 2. Chlorophyll-a, net community primary productivity (NCPP) and community respiration 
(CR) of epilithon in 7 South Westland str~ams. Means (± I SD) of measurements in 3-6 months. 
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Table 1. Dry weights of particulate organic matter (PaM) present in benthic samples from" South 
Westland streams. Means (± ISDj of n monthly collections. 
Sites POM(gdw'm~ n 
·28 26.5 (101.3) 10 
30 20.3 (11.1) 5 
31 13.2 ( 9.5) 10 
32 15.9 ( 7.7) 9 
6J 
.!-5·9 
-4 
N , 
3 E 
"! 
0> 
::s. 
• • 
0 
w 2 oe{ 
J: 
"-
to • 
. Fig.3. Algal biomass (as chlorophyll-a + ..J 
phaeoph)'tin) on nutrient-diffusing substrata J: u 
after 34 days in acid (PH < 5) and alkaline 
(pH 7.5) streams. Means ± 1 SEi. 
- maxi-
mum biomassi n - number of substrata re-
covered for analysis. C - no-nutrient con- 0 n. 3 3 3 
trol, N - nitrogen added, P - phosphorus C N P N+P 
added, N + P - both nutrients added. ACID ALKALINE 
of flood events and stable low flows) appeared to be major factors affecting epilithic bio-
ma.~s(A. K. GAAESSER unpubl. data). 
Periodic exposure of stone surfaces to air resulted in a reduction in the size of epilithic 
algal communities (Table'l,l and is likely to playa significant limiting role in many west 
coast streams with their highly variable flows and shifting channels. In the substrate-dif. 
fusion experiment, epilithic algal biomass was increased by the addition of Nand N + P 
in brown water streams and by P and N + P at the alkaline site (Fig. 3) .. These results sug· 
gest that whereas phosphorus may limit primary prod<lction in gl~ci~l valley streams, 
nitrogen may be limiting in brown waters where complexing with dissolved organics 
could reduce its availability to benthic algae. 
Despite continuous inputs of riparian materials, standing crops of benthic detritus in 
four stud), streams were alv,'ays very low (Table 1) and up to two orders of magnitude 
lov,'er than annual means reported for some streams elsewhere (e.g. MINSHAll et al. 1983). 
Hov,'ever, ther were comparable to po~t-nood levels reported by ROUNICK & \X'INTER' 
BOURN (1983) for a South Island beech forest stream. The non-retenth'e nature of these 
streams reflects the frequent scouring of their beds by floods and the paucity of large 
wood debris in their channels. 
Species richness and distribution of benthic invertebrates was not related to measured 
chemical parameters in 33 west coast streams above pH 4.5 (WINTERBOURN & COllIER in 
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Table 2. Algal bioma..ss (a..s chlorophyll-d + phaeophytin) on tiles held at 3 heights above the stream 
bed in 2 South Westland streams. Means (± 1 SO) for 2-monthly incubations mea..sured in 8 months; 
n - 4 - 5 tiles per height pH month. 
Tile height 
Lower (always submerged) 
Intermediate 
Upper (exposed during average flow) 
6 
,.-. 
M 
~ 
M 
'--' 4 
N , 
E 
0 2 z 
0 
'j' B 
> 
N , 
E 
~ 4 
" en 
0 34 
Pigment concentration (JIg' cm - ~ 
Site 28 Site 32 
0.74 (0.63) 0.17 (0.10) 
0.10 (0. ttl 0.08 (0.07) 
0.08 (0.05) 0.D2 (0.02) 
Toto' invertebrote 
numbers 
De'eatidium production 
SITES in order 01 increasing size 
Fig.4. Upper: Densities of bemhic invertebmes (annual means ± 1 SO) in 7 South Westland 
streams. The two density figures shown for site 30 were obtained in separate sampling programs. 
Lower: Annual production of Delta/iJimn calculated by the size frequency method a..ssuming a uni-
voltine life history. 
press). However, a significant positive correlation was found between numbers of taxa 
collected and channel stability as indicated by the stream bed component of the PFAN-' 
weH (1975) stability index which integrates measures of rock angularity, surface bright-
ness, particle packing, scouring and deposition, and the presence of moss and algae. At 
most sites, Ephemeroptera and Plecoptera were numerically dominant ""'ith the lepto-
phleiid, Dclcatidittnl most abundant. Predators and collector-browsers " .. hich feed mainly 
on fine particulate detritus and epilithon are the predominant invertebrate functional 
feeding groups. Filter-feeders and shredders are poorly represented in these stre~ms 
where the upper surfaces of stones are exposed to turbulent OO\\'S and frequent abrasion, 
and ,,",here retention of coarse particulate detritus is poor. 
Me;'ln annu:ll den~it}' of macroin\'crtcbr:ltcs ranged from 505 to 4720 m2 at the 7 South 
Westland sites and ,,"'as greatest in the smallest, most alkaline streams (Fig. 4). Differences 
in population densities between streams could not be attributed to measured physico-
chemical or biological parameters or channel stability, and fluctuations in numbers 
within streams were non-seasonal. Invertebrate drift densities were now-dependent but 
always very low and unrelated to benthos density (GUESSER 1988). Estimates of annual 
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production for DeieAtidillm, the most abundant insect at :ill sites ranged from 1.2 to 
loA gdw . m~_2 • y-I and showed a general decrease as stream size (channel width) in-
creased. Thus, production was greatest in the smallest stream which is spring-fed, alkaline 
and has the least variation in discharge and water temperature. 
In summary, 'the many physically unstable, flood-prone stre.ams on the west coast of 
the South Island provide harsh environments for aquatic biota. Retention of particulate 
organic matter is poor and although streams are chemically diverse, primary (epilithic) 
productivity is generally low. Mayflies dominate most benthic faunas which have low-
moderate densities and are characterized by limited feeding group diversity. Our inabil-
ity to distinguish consistent temporal or spatial patterns in community structure and 
productivity among streams, is, we believe, a consequence of their highly variable and 
unpredictable discharge patterns. 
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Abstract 
Acid, brown water streams are common on the west coast of the South Island, New Zealand. Acid precipitation 
is not a significant problem in this region where stream water acidity is brought about by high concentrations 
of humic substances. The interrelationships between pH, alkalinity, conductivity, DOC and total reactive 
aluminium were investigated at 45 running water sites. pH (range 3.5 - 8.1) was strongly correlated with alkalini-
ty (range 0-49 g·m- 3 CaC03) and less strongly with conductivity (range 2.0-9.7 mS·m- I). A strong posi-
tive correlation was found between DOC and total reactive aluminium concentration both of which were cor-
related negatively with pH. In all brown water streams, most aluminium was probably in the non-toxic, 
organically complexed form. Benthic invertebrate assemblages were examined at 34 sites. Thxonomic richness 
was not correlated with pH and similar numbers of ephemeropteran, plecopteran and trichopteran taxa were 
taken from acidobiontic (pH::; 5.5), acidophilic (pH 5.6-6.9) and moderately alkaline (pH;:: 7.0) groups of 
streams. Many species occurred over a wide pH range and had a lower limit of about pH 4.5. The mayfly, 
Deleatidium occurred at 33 sites and was amongst the five most abundant taxa at 32 of them. The stone flies, 
Zelandobius COIl/USUS, Austroperia cyrene and Stenoperia mac/ellan;, an elmid, J-Iydom sp. and a caddis fly, 
Psilochorema sp. also occurred in over half the streams and frequently were abundant. Few habitat specialists 
were found. Benthic assemblages were not associated strongly with measured physicochemical factors but 
streams in close proximity tended to have similar faunas. This suggests that the availability of suitable colonizers 
sets the limits to species richness and is important in determining the composition of benthic assemblages at 
a particular locality. 
Introduction 
The effects of acidification on the benthos and fish 
populations of running waters have been of increas-
ing concern to biologists in recent years. Numerous 
authors (e.g. Sutcliffe & Carrick, 1973; Haines, 1981; 
Harriman & Morrison, 1982; Otto & Svensson, 1983; 
Townsend et al., 1983; Kimmel et 01., 1985; Mackay 
& Kersey, 1985; Simpson et 01., 1985) have described 
reductions in species richness, density or diversity of 
invertebrates in acidified streams and rivers. The rea-
sons are not well understood but are probably several 
and include disturbance of ion regulatory mechan-
isms and calcium metabolism, metal toxicity, and 
changes in the availability and quality of food. 
In contrast to streams in which lowering of pH can 
be attributed directly or indirectly to acid precipita-
tion, there have been few studies of the benthic fau-
nas of naturally acidic running waters. Exceptions 
are the work of Jones (1948) in south Wales and 
perhaps Otto & Svensson's (1983) study of brown 
water streams in southern Sweden, although an-
thropogenic sources may contribute to their acidity. 
Several low-gradient, black water rivers in the south-
ern United States of America whose acidity is 
brought about by high concentrations of organic 
acids also have been the sites of recent investigations 
of macroinvertebrate production (Benke et 01., 1984, 
1985; Smock et 01., 1985; Wallace & Benke, 1984). 
However, as they have predominantly sandy beds 
with woody snags providing their major stable sub-
strata, they are difficult to compare faunistically 
with acidic, stony streams. 
Acid rain is not a significant problem in New 
Zealand where the mean pH of rainfall is close to 5.6 
(Holden & Clarkson, 1986). Deposition of acid sul-
phur on to the country is almost an order of magni-
tude less than on to Scandinavia and some 40 times 
less· than in the worst affected areas of Europe. 
Nevertheless, on the west coast of the South I~land 
of New Zealand, acid, brown water streams with 
stony beds are common. Their acidity results from 
high concentrations of humic substances (primarily 
humic and fulvic acids) derived from decomposing 
organic matter in soil and swamps by processes 
which are poorly understood (McKnight et 01., 
1985). 
The presence of numerous acid streams unin-
fluenced by acid precipitation provided an excellent 
opportunity to investigate the relationship between 
physicochemical factors, especially streamwater pH, 
and the distribution of benthic invertebrates. Previ-
ous biological studies in west coast streams have 
been concerned largely with the distributions of fish 
(McDowall et 01., 1977; Main et 01., 1985) and the an-
nual migrations of commercially important white-
bait larvae of endemic Galaxias species (McDowall 
& Eldon, 1980). The only ecological studies of 
stream invertebrates have been in Devils Creek, a 
clear stream with circum-neutral pH (Cowie, 1983, 
1985; Winterbourn et 01., 1984), and in streams 
draining deforested catchments in the Maimai Ex-
perimental Area where the effects of forestry prac-
tices are being examined (Winterbourn & Rounick, 
1985; Rounick & Winterbourn, 1986). 
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Study area 
Westland is a narrow strip of coastal lowland man-
tled with coarse gravels, boulders and sand and 
bounded to the east by the main axial range, the 
Southern Alps. Being exposed to the prevailing 
westerly winds it is an area of high rainfall 
(I 500-7000 mm per annum) which increases with 
altitude and distance from the sea. Natural vegeta-
tion below about 1000 m is forest although on and 
near the coastal plain much of the original cover has 
been cleared for milling of timber and conversion to 
farmland (McCaskill, 1966). 
Most forest streams in Westland carry very low 
sediment loads except for short periods during storm 
runoff (Pearce et 01., 1976; O'Loughlin et 01., 1978) 
and water varies from clear and colourless to deep 
brown with staining most intense in streams draining 
swamps, lakes and lowland forest (McDowall & El-
don, 1980). Streams included in our study all lay be-
tween 41°50'Sand 43°30'S and drained 
predominantly forested catchments. North of Grey-
mouth (Fig. 1) forests are mainly southern beech 
(NothoJagus) whereas further south they are mixed 
podocarp-hardwood forests commonly dominated 
by rimu (Dacrydium cupressinum) and kamahi 
(Weinmannia racemosa). Mixed podocarp-beech 
forest occurs in the upper Grey Valley (Sites 3 - 6, f, 
g; Fig. I), whereas Site 2 is in regenerating manuka 
(Leptospermum scoparium) forest, and some in-
troduced conifers (Pinus spp.) occur alongside the 
stream at Sites d, e, 5 and 25. The two stream sites 
(33, 34) close to the Franz Josef glacier are enclosed 
by low hardwood forest and subalpine scrub. No sig-
nificant point sources of pollution were evident on 
any streams except at Sites 20 and c which receive 
coal mine effluent. Iron precipitates derived from 
abandoned gold mine workings were present on the 
stream bed at Site 10. 
Because stream order, link number and catchment 
area could not be determined accurately from availa-
ble maps, channel width was used as an indicator of 
stream size. Stream widths ranged from 0.5 to 5 m 
and with one exception (Site 32; 18°), gradients 
ranged from < I to 8°. Four large river sites (I, 17, 
18, 21) had channel widths from 12 to 40 m. Most 
streams and rivers had stony beds dominated by 
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Fig. I. Map of Westland showing locations of sites. Water and benthos samples were taken from Sites 1- 34; water samples only from 
Sites a -m. SH = stale highway. 
coarse gravels and cobbles, and because of the 
region's high and frequent rainfall they are subject 
to rapid and frequent fluctuations in discharge. 
Many have physically unstable beds and banks as in-
dicated by channel stability scores (Pfankuch, 1975) 
which gave 14 of 24 surveyed streams a fair or poor 
rating on a scale of excellent, good, fair and poor. 
Methods 
Field surveys were made in two successive summers 
(December 1984 and January 1986) when discharge 
of all streams was low. Physicochemical data were 
obtained from 28 streams in 1984 and from 43 (in-
cluding 24 of those sampled the previous summer) 
in 1986 (Fig. I). Sites were visited once during each 
survey. 
Stream water pH was measured in the field or 
soon after with a Deckman portable meter and glass 
electrode whereas alt other physicochemical meas-
urements except aluminiulll were made on water 
samples returned to the laboratory in opaque, poly-
ethelene bottles. Alkalinity was determined by titra-
tion with 0.025N HCI to pH 4.5 and conductivity 
was measured with a Radiometer CDM 2e meter. 
Subsamples of water for measurement of dissolved 
organic carbon (DOC) (25, 50 or 100 ml depending 
on suspected concentration) were passed through 
0.45 Ilm Millipore filters, evaporated to dryness and 
analysed by dichromate oxidation (Newell, 1982) 
followed by titration with 0.03N FeS04' Calcula-
tion of DOC concentration incorporated a correc-
tion for inefficiency of oxidation as described by 
Collier (1987). Water used for aluminium determina-
tions was filtered (0.45 /-tm) in the field, acidified to 
pH 1- 2 with concentrated HN03 and analysed 
within 4 days. Total reactive aluminium was deter-
mined by atomic absorption spectroscopy (Varian 
Techtron) following complexation with 
8-hYdroxyquinoline and extraction with methyl 
isobutyl ketone (Barnes, 1975). In May 1986, stream 
channel stability was evaluated at 24 sites with the 
procedure of Pfankuch (\975) and pH of stream 
water was also measured. 
The benthic invertebrate faunas of stony streams 
were sampled on the same days that physicochemical 
data were obtained. 1\venty sites were included in the 
December 1984 survey and these plus an additional 
.14 sites were sampled in January 1986. Sites from 
which water samples but not fauna were taken were 
either too deep to sample or did not have stony beds. 
Collections of benthos were obtained by kick-
sampling and brushing stones in front of a triangu-
lar net (0.2 mm mesh). Sampling was restricted to 
stony substrata where appreciable flow was present 
and was done in the same manner at all sites. Sam-
ples were preserved in the field and later all individu-
als were identified and counted. Identification was 
to operational taxonomic units (OTUs) which in 
most instances were species or probable (but uniden-
tifiable) species. Exceptions were Chironomidae 
which were not separated below family, Oligochaeta 
which were uncommon and were mainly small Naid-
idae, and the mayfly genus Deleatidium. The latter 
contains an unknown number of species most of 
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which are unidenti fiable as nymphs (Winterbourn & 
Gregson, 1981). 
All correlation analyses involving fauna were 
made with data collected in January 1986, whereas 
data from both years were combined for making 
inter-site comparisons of faunal assemblages. Be-
cause many New Zealand stream invertebrates have 
poorly synchronized life histories and long flight or 
reproductive periods, sampling in summer can be ex-
pected to be as representative as at other times of 
years (Towns, 1985). 
Results 
Physicochemical factors 
Stream water pH measured at 45 sites ranged from 
3.5 to 8.1. Some intrasite variation was recorded in 
successive surveys (mean difference between surveys 
I and 2 = 0.6 units, maximum 1.1; surveys 2 and 
3 = 0.2 units, maximum 0.6) but the rank order of 
sites on different occasions was almost the same 
(surveys 1 and 2, rs = 0.90, n = 24; surveys 2 and 3, 
rs = 0.97, n = 22). The lowest pH was recorded in 
water from a stream receiving coal mine effluent 
(Site 20) whereas the most acidic, undisturbed brown 
water stream had a pH of 4.1. pH was strongly cor-
related with alkalinity (Table l) which ranged from 
o to 49 g ·m- 3 CaC03 and was highest in streams 
flowing over quartz-feldspathic schist in the Franz 
Josef glacier valley. Conductivity (range at unpollut-
ed sites 2.0-9.7 mS'm- 1 at 25°q also was cor-
related positively with pH although less strongly 
than alkalinity (Thble I). 
Table I. Correlation (r) between physicochemical parameters measured on Westland streams and rivers, December 1984 and January 
1986. Data logn transformed before analysis. All r values are highly significant (p < 0.(01); n = 62 for all parameters except aluminium 
where n=37. 
pH Alkalinity Conductivity DOC Aluminium 
(g·m- J CaCOJ) (mS. m -1) (g.m -J) (mg' m - 3) 
pH 0.90 0.50 -0.81 -0.81 
Alkalinity 0.56 -0.82 -0.86 
Conductivity -0.52 -0.68 
DOC 0.88 
Aluminium 
Concentrations of DOC and total reactive 
aluminium were significantly and positively cor-
related with each other, but negatively correlated 
with pH, alkalinity and conductivity (Thble I). DOC 
concentration ranged from 1.6 to 43.2 g ·m- 3 and 
was highest in streams on poorly drained terraces 
(pakahis) either with Leptospermum forest (Site 2) 
or where the forest had been cleared and replanted 
with conifers (Site e). These streams also had the 
highest total reactive aluminium concentrations (up 
to 697 mg· m - 3) whereas the lowest values 
(18-41 mg·m- 3) were found in clear alpine and 
glacial streams (Sites 12,24, 33, 34) with DOC con-
centrations <4.2 g.m- 3 and pH >.7. 
Although not examined in the present study, 
aluminium speciation was investigated in a parallel 
study carried out at five contrasting sites (Sites 29, 
30,31,33,34). Bi-monthly sampling over a year indi-
cated that most aluminium was in the organically 
complexed form at all times and that concentrations 
of the toxic, inorganic monomeric species were al-
ways <50 mg·m- 3 (Collier & Winterbourn, 1987). 
The strong positive correlation between DOC and 
total reactive aluminium concentration observed in 
the present study suggests that organically com-
plexed aluminium predominated in most if 110t all of 
the brown water streams sampled. 
Benthic iii vertebrates 
Ninety taxa (OTUs) were recognized in collections 
from the 34 stony stream sites, and of these all but 
nine were insects. Trichoptera, Plecoptera, Diptera 
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Fig. 2. The distribution of invertebrate taxa among 34 sites. a) the 
relationship between relative abundance and frequency of occur-
rence of common taxa. b) frequency of occurrence of uncommon 
taxa (those never one of the 5 most abundant at a site). 
and Ephemeroptera were best represented and ac-
counted for 81 0/0 of all identified taxa (Thble 2). 
Frequency of occurrence of taxa is summarized in 
Fig. 2 which also provides a measure of relative 
abundance - the number of times a taxon was one 
of the five most abundant anilt1als at a site. The most 
frequently occurring insects were the mayflies 
De/eatidillm (33 sites) and Nesameletus sp. (17), an 
ellt1id beetle Hydora sp. (19), Chironomidae (18), the 
Table 2. Numbers of taxa (OTUs) collected from 34 Westland streams. 
I)H range Acidobiontic Acidophilic Moderately alkaline All streams 
3.5 - 5.5 5.6-6.9 7.0-8.1 
« 4.5) 
No. of streams 9 (5) 15 10 34 
Ephemeroptera 6 (3) 8 7 II 
Plecoptera t2 (7) 13 13 16 
Trichoptera 15 (7) 22 22 31 
Diptera II (9) II 10 15 
Others 9 (9) 13 II 17 
TotalOTUs 53 (35) 67 63 90 
stone flies Zelandobius conJusus (24), Austroperla 
cyrene (20) and Stenoperla mac/el/alli (29), and a 
caddisfly Psiloc"orema sp. (\8). The first five of 
these feed predominantly on fine detritus and epili-
thon, and they were amongst the five most abundant 
taxa in over 401t/o of the sites where they occurred. 
By comparison, the facultative shredder A. cyrene 
and the predators Psilochorema and S. mac/el/ani 
were in the top five only 25, 17 and 34 0/0 of the time, 
respectively. These eight taxa and a number of others 
appear to have broad habitat requirements, at least 
in terms of the physicochemical factors measured in 
this study and is illustrated in Fig. 3 where their dis-
tributions are shown in relation to pH. 
In contrast to the common taxa, two groups with 
limited distributions were apparent. The first con-
sisted of uncommon animals that were never 
amongst the five most abundant taxa at asite, where-
as the second comprised a small number of 
"specialists" which were abundant at one or two 
sites (Fig. 2). The latter group included an amphi-
pod, ParaieptampllOplis caeruleus which was ex-
tremely abundant on Sp"agnum and stones in Lep-
lospermum forest at pH 4.1-4.4, Pycflocefltrella 
eruensis a calocid caddis fly which appears to be res-
tricted to small, headwater streams in beech forest 
(Cowie, 1985) and a helicopsychid caddis, Rakiura 
vemale that has a limited geographical distribution 
(Winterbourn & Gregson, 1981). The hydrobiid gas-
(pherner-aplt'ra Dl'lutidlum'tlP. 
leohlebl. sp. 
Nt'Slmeletus sp. 
Ameh·lopsh ~{lrs( Itu~ 
ColOl'lurhcus hum('ral h 
Pl(1(';optera Sbnor,,~rla ",ae lei lanl 
Austrop{lrh eyre"!! 
lehndoperh ,'Ignf'tI 50 
Acroperh tdv.1clJatll 
Acroperh splnlgcr 
leianrfohlus con'usus 
Spantocercotdes cowley! 
Spantoceru pehndlr:a 
TrlchODll!r/l Trlplectldeo; sp. 
011"911 rer('dayt 
lIellcopsych£' !.p. 
Occonesus sp. 
lelolesslca their. 
Hydrobioselill 501'. 
Polyplectropus !op. 
rsllochorema '\.l). 
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~. 5 1.0 
Fig. 3. The distribution of 27 taxa in relation to stream watcr pH. 
Only taxa found at a minimum of 8 sitcs are shown. 
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tropod, Potamopyrglls antipodarum was a member 
of this group too, but it is widely distributed in lakes 
and low gradient streams and rivers elsewhere in New 
Zealand, particularly in non-forested catchments. 
Faunal assemblages 
Numbers of taxa taken at individual sites ranged 
from 5 to 36. Thxonomic richness was not correlated 
significantly with streaq1 water pH (January 1986 
rank order of sites; r ~ = 0.02, P > 0.05), and the 
numbers of taxa from acidobiontic (pH ::5 5.5), 
acidophilic (pH 5.6 - 6.9) and moderately alkaline 
(pH > 7.0) streams were 58, 67, and 63, respectively 
(Thble 2). However, the numbers of ephemeropte-
ran, plecopteran, and trichopteran taxa taken at the 
five most acidic sites (pH < 4.6) was only half that 
at the other four acidobiontic sites (Table 2) suggest-
ing that a pH of about 4.5 represents the lower limit 
for a number of species. 
As with pH, neither stream width nor Pfankuch 
stability score was correlated significantly with num-
bers of taxa (P > 0.05) but a significant negative 
correlation (rs = -0.42, P<0.05) was found with 
the streambed component of the stability score. This 
indicates that in general fewer taxa were present 
where stream beds consisted of rounded, poorly 
packed, shifting materials with little clinging algae 
or moss (Pfankuch, 1975). 
To compare stream faunal assemblages, Soren-
sen's index (Southwood, 1978) was calculated for all 
site pairs and the similarity coefficients obtained 
were clustered using the hierarchical average-linkage 
procedure of Bridges (1966). Clusters were dirreren-
tiated weakly (Fig. 3) and rather than being defined 
by unique groups of taxa they represented different 
combinations of OTUs drawn from a common pool. 
Thus, the five main groups of sites distinguished at 
the 0.48 level of similarity in Fig. 4 each contained 
30- 50 taxa out of a possible 90, and inter-group 
similarity coefficients ranged from 0.39 to 0.70 (Ta-
ble 3). Groups had overlapping physicochemical 
characteristics (Thble 3), but sites in close proximity 
tended to cluster together although not necessarily 
to the exclusion of others. Five tributaries of Mur-
rays Creek made up cluster E, four adjacent streams 
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Fig. 4. Site clusters obtained using Sorensen's coefficient of 
similarity calculated from invertebrate presence-absence data. 
Characteristics of clu~ters A- E are summarized in lable 3. 
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in the Maimai Experimental Area were included in 
cluster C, and southern brown water streams made 
up cluster B. On the other hand, clusters A and D 
comprised more widely separated sites. It should 
also be noted that of the last four sites to be clustered 
(Le. those with the greatest faunal dissimilarity), 
three had highly acidic waters (pH < 4.5) and the 
other (Site 26) had the most unstable bed of all the 
streams examined. 
Discussion 
Brown water streams on the west coast of the South 
Island are characterized by low conductivity and 
alkalinity, and their colour and acidity result from 
the presence of organic acids derived from decaying 
vegetation. In these respects they resemble black and 
brown water streams and rivers in many tropical and 
temperate regions (Hynes, 1970; Naiman, 1982; 
Dudgeon, 1982). Colour (abs 360 nm) and DOC 
concentration are strongly correlated in Westland 
streams (r2 = 0.97, n = 47; Collier, 1987). The maxi-
mum DOC value we recorded (43 g·m- 3) is ncar 
the middle of the range of concentrations reported 
by McKnight et 01. (1985) for a Sphagn"m bog 
(24-62 g·m- 3) and lower than maxima of 
62 g·m- 3 and 47 g·m- 3 given by Gorham et 01. 
(1984) for surface bog waters and waters draining 
peatlands in North America. 
According to Hall et 01. (in press), experimental 
acidification of small streams with HCI to pH 
Table 3. Characteristics of the five main clusters of streams distinguished in rig. 4. Similarity in taxonomic composition is expressed 
by Sorensen's coefficient. 
Clusters 
Width (m) 
pH range 
DOC (g 'm- 3) 
No. of taxa 
Coefficients of similarity A 
B 
C 
D 
E 
A 
2.2- 4 
4.5- 7.4 
3.3-15.4 
50 
B C 
2.5- 5 0.3-12 
4.3 - 6.4 5.R- 6.4 
4.1-14.9 3.6- 9.7 
47 47 
0.62 0.62 
0.70 
D E 
-30 0.6-\.7 
5.1- 7.9 7.1-7.4 
1.6- R.I 1.9-3.7 
48 30 
0.63 0.40 
0.69 0.39 
0.69 0.52 
0.54 
5.25 - 5.5 did not noticeably affect the behaviour of 
aquatic insects, but in conjunction with aluminium 
additions (208 mg· m -3) it did. Consequently, they 
suggested that fluctuating aluminium concentra-
tions in low-order streams at pH 4.5 - 5.5 may be a 
primary factor affecting invertebrate biology. 
Although total reactive aluminium in New Zealand 
streams with a pH < 5.5 ranged from 294 to 
697 mg 'm-3, the results of an intensive study in a 
subset of streams (Collier & Winterbourn, 1987) in-
dicates that concentrations of the toxic, inorganic 
monomeric. species are likely to be considerably 
<50 mg·m- 3• 
Contrary to the results of several Northern Hemi-
sphere studies in regions affected by acid rain (e.g. 
Mackay & Kersey, 1985; Simpson el 01., 1985), reduc-
tion in pH of stream water was not paralleled by a 
reduction in invertebrate species richness until about 
pH 4.5. Furthermore, ephemeropteran, plecopteran 
and trichopteran taxa were just as well represented 
in moderately alkaline, acidophilic and acidobiontic 
streams down to this pH. The finding of no correla-
tion between species richness and pH in stony 
streams is consistent with the hypothesis of Hall et 
01. (in press) and the suggestion of Mackay & Kersey 
(1985) that the ability of some mayflies and stone-
flies to survive in highly coloured waters may be the 
result of chelating properties of humi~ acids which 
bind toxic metal ions mobilized at low pH. 
One reason for the absence of taxa from some acid 
waters is that their eggs are unable to develop or 
hatch, e.g. the snail, Physa IIeterolropllO at pH 4 
(Burton el 01., 1985). However, this need not be so, 
and eggs of the caddis, Clisloron;a magnifica devel-
oped normally at pH 4 (van Frankenhuyzen el 01 .• 
1985). Alternatively, unsuccessful attempts at 
colonization by winged stages have been suggested 
as reasons for the absence of Baelis and Rhitllrogena 
species (Ephemeroptera) from acid waters (Harri-
man & Morrison, 1982), and adult behaviour during 
oviposition by Baetis was implicated by Sutcliffe & 
Carrick (1973). Little is known about colonization 
or ovipositional behaviour of New Zealand stream 
insects, although Mclean (1967) observed four spe-
cies of mayfly in the families Leptophlebiidae, Siph-
lonuridae and Oligoneuriidae oviposited in flight. If 
this is the normal method of egg laying for members 
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of these families in New Zealand, then it is unlikely 
that water testing methods such as those proposed 
for /Jaelis can account for the absence of genera such 
as Zcplr/cbia, Ncsalllc/elus and Colobur;sclIs frolll 
some streams of low pH. 
Rather, the pool exhaustion hypothesis discussed 
in this context by Hildrew el al. (1984) may provide 
a beller explanation for the distributional patterns 
of taxa among streams. That is, the availability of 
suitable colonizers sets the limits to species richness 
at a particular locality and defines in part the com-
position of benthic assemblages. It can be argued 
that the tendency of contiguous streams to have 
similar faunas provides support for this hypothesis, 
although they also may have other features in com-
mon that complicate the issue. The biology and dis-
persal characteristics of the aerial stages of aquatic 
insects are poorly known and difficult to study. 
However, a knowledge of them is essential if we are 
to develop a more complete understanding of aquat-
ic insect distributions and colonization dynamics. 
Laslly, some authors have noted shifts in trophic 
diversity and in the relative proportions of different 
functional feeding groups or feeding guilds associat-
ed with streamwater pH. For example, Townsend el 
al. (1983) found that only shredders, collectors and 
predators occurred at most acid sites in the Ashdown 
Forest, southern England, whereas they were joined 
by grazer-scrapers and filter-feeders at more basic 
sites. Mackay & Kersey (1985) found that shredders 
were dominant in the most acidic streams in south-
ern Ontario whereas collectors were relatively more 
abundant at higher pH. Otto & Svensson (1983) 
recorded a positive correlation between pH and 
numbers of shredder and scraper species but not olll-
er functional groups in southern Sweden. 
Differences in the nature of the food resources 
available, a likely consequence of acidification have 
been proposed as a reason for such shifts in represen-
tation of various feeding guilds (Winterbourn el 01 .• 
1985; Hall el 01., in press). However, the accuracy of 
functional group designations has been questioned 
by Hawkins el 01. (1982) who suggested that the 
foods and feeding methods of many aquatic insects 
are likely to be more varied than such classifications 
acknowledge. We agree with this with respect to the 
west coast stream fauna, many members of which 
are herbivore-detritivores that are not easily type-
. cast as shredders, scrapers or collector-grazers as in-
dicated by other New Zealand studies (see Winter-
bourn et 01., 1984 and references therein). Therefore, 
we have not presented our results in terms of feeding 
guild representatior1. 
In an earlier study (Rounick & Winterbourtl, 
1982), a common core of invertebrate taxa (genera 
and/or species) were shown to be abundant and 
widely distributed in stony streams varying in size, 
substratum stability and riparian vegetation in vari-
ous parts of New Zealand. Members of this common 
core were well represented in the brown water 
streams of Westland at least above pH 4.5, and in 
even more, acid water in the case of Deleatidiul1l. Fish 
also are common in these acid streams and six of 14 
endemic, freshwater species (in three families) that 
occur in south Westland were recorded by Main et 
01. (1985) at a pH < 4.8. 
Havas et 01. (1984) pointed out that "brown-water 
lakes and streams have distinctive flora and fauna 
that differ considerably from those of recently acidi-
fied clear-water lakes." Faunal comparisons cannot 
be made in New Zealand between streams affected 
by acid rain and naturally acidified streams. Howev-
er, our study shows that at pH > 4.5, faunal assem-
blages in browll water streams have similar species 
richness and taxonomic composition to those in 
clear water streams of circum-neutral pH elsewhere 
in the region. 
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APPENDIX V 
LABORATORY STUDIES OF INVERTEBRATE pH TOLERANCE 
INTRODUCTION 
Bioassays were carried out on selected benthic invertebrates from 
circumneutral clearwater streams to investigate whether brown water and 
low pH were directly toxic to them. 
METHODS 
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Bioassays were conducted from December 1985 to January 1986, and 
again from February to May 1986 under controlled laboratory conditions 
(60 C, 12 h light/dark cycle). The first trial assayed larvae of the mayflies 
Deleatidium spp. and Nesameletus sp. collected from Cave Stream in mid 
Canterbury (NZMSI S66 200003), and Olinga feredayi (Trichoptera) larvae 
from Kaituna River on Banks Peninsula (NZMSI S94 040285). The second 
trial used Deleatidium, O. feredayi and Austroperla cyrene (Plecoptera) 
larvae collected from Hidden Creek, a circumneutral clearwater stream in 
South Westland (see Fig. 2.3.). 
Wherever possible, similar-sized larvae of each taxon were selected for 
bioassays on each date. In the laboratory, larvae were placed in plastic 
containers with 1 mm mesh bottoms (10 larvae of each taxon per container) 
and sets of three containers (one for each taxon) were immersed in four 
types of water: clear water and brown water each with pH adjusted to 
"acid" (mean pH 4.2-4.5) and "circumneutral" (pH 7.2-7.7) levels with KOH or 
HCt. In the first bioassay, distilled water was used initially as the 
clearwater medium, but artesian well water was substituted after twelve 
days. Water collected from Toilet Stream (South Westland) served as clear 
water in the second trial, whereas Steep Creek (South Westland) was the 
source of brown water for both bioassays. All water types were aerated 
continuously with bubblers and larvae were fed leaves (mainly Scheff/era 
digitata) conditioned in Hidden Creek; leaves were renewed periodically. 
In the first bioassay, larval mortalities were monitored daily for 14 
days and then once every two days for 32 days. In the second trial, larvae 
were examined every 1-2 days for 30 days, and at 4-6 day intervals for a 
further 56 days. On observation days, all dead larvae were removed from 
containers, and water pH was read (Metrohm E488 meter) and adjusted if 
necessary. After about two weeks of both trials, fungi were seen growing 
on O. jereday; larvae kept in Steep Creek water, especially at low pH. In 
the first trial, a fungicide (Actidione (Upjohn)) was added (5 Jlg.r l ) to 
containers of Steep Creek water to reduce the problem, but this was not 
necessary in the second trial because fungal growths were less extensive. 
RESULTS 
First bioassay 
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Deleatidium larvae died rapidly after the first three days of the 
experiment with 100 % mortality occurring in both clear waters and acid 
brown water within 11 days (Table 1.). However, mortality rates were much 
lower in circumneutral brown water where the last larva had died by day 
28. Nesameletus sp. larvae were slightly more tolerant of the experimental 
conditions than Deleatidium spp., and most survived for at least the first 
eight days of the experiment (Table 1.). Mortality rates were initially 
fastest in circumneutral clear water and slowest in circumneutral brown 
water, but by 20 days 80-100 % of Nesameletus sp. larvae had died in most 
treatments. No O. jeredayi larvae died in any treatment in the first 17 
days of the first bioassay (Table 1.). Thereafter, mortality rates were 
slowest in acid clear water where 60 % of o. jereday; larvae were still 
alive by the end of the experiment (46 days). o. jeredayi mortalities were 
initially fastest in circumneutral clear water, but after about 36 days, they 
were exceeded by rates in both brown waters in which all larvae had died 
by days 38 and 40. 
Second bioassay 
As in the first trial, Deleatidium larvae died rapidly after 2-3 days 
with 80 % mortality occurring between days five and nine in all treatments 
(Table 2.). O. jeredayi larvae showed a similar response to that observed 1ll 
the first assay with few (s 10 %) dying before day 23. Indeed, no O. 
jeredayi larvae died in circumneutral brown water in the first 49 days of 
the trial. By the end of this experiment (86 days), 40-50 % of the larvae 
were still alive in all treatments except in acid brown water where 90 % 
mortality had occurred. A. cyrelle larvae survived well in all water types 
and few mortalities were recorded in the first 49 days of the assay. No 
larvae of A. cyrene died in circumneutral clear water (Table 2.). After 49 
days, death rates were almost identical in acid clear water and both brown 
water treatments and between 40 and 50 % mortality had occurred by the 
end of the assay (86 days). 
CONCLUSION 
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Although experimental conditions in these experiments were not ideal 
for larvae (particularly Deleatidium spp.), results do show that both A. 
cyrelle and O. /eredayi collected from circumneutral waters can survive for 
considerable periods at low pH. 
Table 1. Numbers of larvae of three invertebrate taxa surviving 
in four types of water in the first assay. Coefficients of 
varation of pH m~asurements (means shown) ranged from 2.B to 7.6 % 
Deleatldlum spp. 
Clear waler Brown waler 
Days pll ,. 2 pll 4.3 pll 1.2 pll 4.2 
0 10 10 \0 10 
I 10 10 10 \0 
2 10 10 9 \0 
J 8 10 9 9 
4 6 10 8 7 
5 3 7 8 5 
6 2 6 8 ' 2 
7 0 2 8 I 
8 0 2 8 0 
10 0 I B 0 
II 0 0 7 0 
12 0 0 5 0 
13 0 0 4 0 
14 0 0 3 0 
17 0 0 3 0 
20 0 0 2 0 
22 0 0 I 0 
26 0 0 \ 0 
28 0 0 0 0 
Nesameletu$ sp. 
clear water Brown waler 
Days PlI 1.2 pll 0 PlI 1. 2 plr4.2 
0 10 10 10 10 
I 10 9 \0 \0 
2 10 9 \0 10 
3 10 9 10 \0 
4 9 9 \0 \0 
5 8 9 9 10 
6 8 9 9 10 
7 8 9 9 \0 
B 7 9 9 10 
\0 6 9 9 \0 
II 2 5 9 9 
\2 2 4 9 9 
13 2 3 9 8 
14 I 2 9 7 
17 I 2 9 3 
20 \ 2 8 0 
22 \ 2 8 0 
24 \ 2 6 0 
26 0 2 4 0 
28 0 2 \ 0 
30 0 I 0 0 
38 0 I 0 0 
40 0 0 0 0 
0""g3 feredayl 
Clear waler Brown water 
Days jill 1.2 plr4.J 
0 10 \0 \0 \0 
\7 10 \0 10 \0 
20 \0 10 9 10 
22 10 10 9 10 
24 7 9 9 9 
26 , 6 9 9 9 
28 5 9 9 9 
30 5 9 8 8 
3Z 3 9 8 3 
H J 8 5 3 
36 3 8 \ 3 
38 3 7 o I 
40 J 6 o 0 
H 3 6 o 0 
46 2 6 o 0 
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Table 2. Number of larvae of three insect taxa surviving in. 
four types of water in the second assay. Coefficients of 
varhllon for pI! measurements (means shown) ranged from 3.0 to 
5.3 r. 
U@'est'd'um spp. 
Char waler Drown waler 
bays jilrT.1-pln:-s jin 1.6 pln:-S 
0 10 10 10 10 I 9 10 10 10 2 9 9 10 10 
3 6 7 5 5 5 J 6 2 I 
6 2 5 2 0 8 2 3 0 0 
9 2 Z 0 0 II I I 0 0 
13 0 I 0 0 23 0 I 0 0 25 0 0 0 0 
or 'ng, (ereday' 
Char waler Drown wahr 
bays jill 1.1 pln:-s jilrDPln:-~ 
0 10 10 10 10 
5 10 10 10 10 
6 \0 9 10 10 
\5 \0 9 10 10 
17 9 9 10 10 
23 9 9 10 10 
25 9 9 \0 7 
27 9 9 10 6 
29 8 9 10 6 
JJ 7 8 10 6 
J1 6 8 10 6 
4\ 6 8 10 6 
45 6 7 10 6 
49 6 7 10 6 
55 5 6 9 5 
58 5 6 8 5 
63 5 6 8 5 
65 5 6 7 J 
70 5 6 1 J 
75 5 6 6 J 
78 5 5 6 3 
82 4 5 6 1 
96 4 5 5 I 
Austrop@r', cyrene 
Char waler Drown wa lI!r 
bays jiW1:1-pll-':S ji'n~'6Pln:s 
0 \0 \0 10 10 
9 10 \0 \0 10 
9 \0 9 10 10 
19 \0 9 10 10 
21 10 9 ') \0 
49 10 9 9 \0 
55 10 9 8 8 
58 10 9 8 7 
63 10 9 8 7 
65 10 9 7 7 
70 10 7 7 7 
75 10 7 6 7 
78 10 6 6 6 
92 \0 6 6 6 
06 \0 5' 6 5 
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APPENDIX VI 
EFFECTS OF pH ON EPILITHON IN STEEP CREEK 
INTRODUCTION 
Experimental stream channels were used to determine the effects of 
elevated water pH on the development of epilithon in Steep Creek, an acid 
brown water stream in South Westland (see Fig. 2.3.). 
METHODS 
Equipment and experimental set-up 
Water from a pool behind a large debris jam in Steep Creek was 
diverted via a 6 cm diameter pipe through experimental channels located on 
the stream bank below. The bottom of the pool was lined with polythene 
sheeting to prevent water loss by seepage through the stream bed, and the 
ground beneath the channels was excavated to ensure that even during the 
lowest flows, there was always sufficient head of water to feed the 
channels. Water was passed first to a "header box" and, from there plastic 
hoses piped water to three channels (see Plate 7.1.). Each channel was 105 
cm long, 7 cm wide and 6 cm deep, and was separated from adjacent 
channels by clear perspex dividers mounted on a plywood base coated with 
epoxy resin. 
Two solutions of commercial grade KOH (0.5 and 1.0 M) were dripped 
into two channels at rates that increased water pH to about 6 and 7, 
respectively. Water in the third channel was not modified (pH about 4.5). 
Greywacke stones, stone chips on SEM stubs and carbon rods were placed in 
channels on 21 August 1985 and left there for 30 days. The pH of water 
in the channels was measured twice daily with a Metrohm E488 meter and 
water temperature was recorded daily. Water velocity in channels was 
estimated on eight occasions by determining the time taken for a twig to 
travel a known distance and adjusting for channel cross sectional area. 
Analyses 
SEM stubs with stone chips, stones and carbon rods were removed 
from channels on 20 September 1985. Stubs and rods were prepared for 
analysis as described in Section 7.2.1. Five randomly selected fields on 
stone chips from the three channels were examined (500 times mag.) and 
photographed using the scanning electron microscope to give a 
semi-quantitative assessment of periphyton density. The elemental 
composition of epilithic communities on carbon rods was determined by 
examining five randomly selected fields with EDAX using the peak 
identification option which measured the eight main elements present. 
Stones were taken back to the university on the day of removal in 
darkened jars containing cool water adjusted to the correct pH. TOC and 
photosynthetic pigment concentrations were measured on stones within two 
days by the methods described in Section 7.2.1. Recent work by Biggs 
(1987) indicates that chlorophyll degradation of epilithon should not have 
occurred in this time. 
RESULTS 
Experimental conditions 
. The pH of Steep Creek stream water (4.5 ± 0.2 (SD)) flowing through 
two artificial channels was elevated to 5.9 ± 0.6 and 7.2 ± 0.9, respectively 
by addition of KOH. Flows (-0.2 l.s-l) and water temperatures (range 
during experiment = 5-11°C) were the same in all three channels. 
Epilithon biomass and structure 
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Very little epilithon developed on substrata in any channel over the 30 
day period of the trial. Electron micrographs revealed that stone chip 
surfaces were covered lightly by inorganic particles and other amorphous 
material, and a few scattered diatoms (mostly Fragilaria spp.) were the only 
algae seen. Diatoms were most common (13 in five random fields (each 160 
x 200 ~m» on stubs from the control channel whereas none were seen on 
stubs from the high pH channel. 
Low epilithon biomass was confirmed by the negligible amounts of 
TOC (8.4-11.3 Ilg.cm-2) and photosynthetic pigment (0.03-0.08 Ilg.cm-2) 
recorded on any stones incubated in the channels (Fig. 1.). Mean 
concentrations of both declined with increasing channel pH, but only 
photosynthetic pigment concentration was significantly lower (ANOV A, P < 
0.05). TOC concentrations were highly variable (CY = 53-64 %), probably 
because unequal amounts of fine particulate organic matter accumulated on 
the upper surfaces of stones which varied in degree of roundness. 
Elemental composition 
250 
As in the stream (see Fig. 7.1.), silicon was the most abundant element 
followed by aluminium, iron and potassium (Fig. 2~. Counts of the latter 
three elements declined significantly (Kruskall-Wallis, P < 0.05) with 
increasing channel pH. Silicon counts were lowest in the pH 7.2 channel 
where no diatoms were seen, and were highest in the pH 5.9 channel (Fig. 
2.). 
CONCLUSION 
Because amounts of epilithon which accrued on artificial substrata 
after 30 days were very small, this experiment provided little information 
on the effects of pH on epilithon development. Nevertheless, algal 
colonisation did appear to be retarded when the pH of stream water was 
increased, suggesting that algae on stones in Steep Creek grew best in the 
naturally acid conditions. 
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Figure 1. Total organic carbon (open bars) and photosynthetic 
pigment (closed bars) concentrations (x + I SE; n • 3) on stones 
kept at a mean pH of either 4.5. 5.9 or 7.2 for a month In three 
experimental channels at steep Creek 
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Figure 2. WAX cOllnts (x ± 1 SEi n • 5) of X-rays emitted by 
elements In epilithon (general fields) colonlslng carbon rods 
kept at a mean pll of either 4.5, 5.9 or 7.2 for a month in three 
experimental channels at Steep Creek. 
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